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SOCIAL  IMPACT  OF  ADVANCED  TECHNOLOGY  IN  JAPAN 


Yujiro  HAYASHI 

Tokyo  University  of  Information  Sciences 
1200-2,  Yato-machi,  Chiba  280-01,  Japan 


ABSTRACT 

Technology  in  the  social  context  can  be  divided  into  two  categories; 
exogenous  technology  and  endogenous  technology  and  this  division  is 
derived  from  the  history  of  technology  in  society. 

In  the  latter  half  of  the  nineteenth  century  Japan  became  a  modern 
nation  with  a  centralized  government  and  its  ultimate  goal  was  the 
industrialization.  Japan  succeeded  in  accomplishing  innovation  three  times 
so  far  and  at  present  it  is  in  the  middle  of  the  forth  innovation,  which 
centers  around  advanced  technology. 

Japan  up  to  the  Second  World  War  experienced  typical  exogenous 
innovation.  After  the  war  it  switched  rapidly  to  endogenous  innovation.  In 
this  paper  I  have  clarified  the  cause  and  effect  relationship  of  this  period 
and  described  the  social  characteristics  of  present  advanced  technology  and 
future  prospects.  Especially  I  have  clarified  what  results  were  brought 
about  by  the  science  and  technology  promotion  policy  implemented  in 
Japan  after  the  war. 
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FRACTURE  AND  FATIGUE  OF  HIGH  PERFORMANCE  COMPOSITE 
MATERIALS 

CLAUDE  BATHIAS 

Professor  at  C.N.A.M./Paris  and  Adjunct-Professor  at  Georgia  Tech/Atlanta 


INTRODUCTION 

The  fracture  in  high  performance  composite  material  structures  is  of  a  quite 
different  nature  from  these  of  metallic  components.  Failure,  due  to  fatigue,  is  to  be 
feared  much  less  in  the  first  case  than  in  the  second.  On  the  other  hand,  the  most 
worrying  causes  of  damage  are  the  stress  concentrations  round  about  notched  and 
hoies,  as  well  as  the  splitting  (into  two)  of  the  composites  due  to  delamination. 

The  delamination,  which  in  first  approximation,  implies  fiaw  in  the  plane,  can 
be  treated  by  fracture  mechanics,  the  latter  allowing  one  to  compare  very  easiiy  the 
toughness  of  laminated  composites  as  opposed  to  that  of  metailic  alloys.  Such  an 
approach  is  of  particular  interest  when  one  intends  substituting  metal  by  a  composite. 

Fracture  mechanics  lead,  as  it  were,  to  measuring  the  properties  of 
composites  with  respect  to  fracturing,  and  this  at  several  scales.  From  the  microscopic 
point  of  view,  fracture  originates  from  the  cracking  of  the  matrix,  the  reinforcements  and 
the  interfaces  ;  ail  these  mechanisms  which  can  be  studied  by  fracture  mechanics. 
From  the  macroscopic  point  of  view,  the  total  breakdown  of  the  material  can  be 
investigated  in  the  same  manner,  and  it  is  only  this  approach,  in  actual  fact  the  most 
useful  to  the  engineer,  which  will  be  discussed  hereafter. 

More  difficult  is  to  apply  fracture  mechanics  to  notched  laminated  plate.  In 
some  cases  where  a  quasi-isotropic  lay-up  exists  it  is  always  possible  to  use  fracture 
mechanics  to  predict  the  failure  of  notched  plates.  However,  where  a  strong  orthotropic 
effect  appears  fracture  mechanics  criteria  are  not  working  very  well.  Other  criteria  such 
as  Nuisner  and  Whitney  approach  is  recommanded. 

In  this  paper  we  summarize  some  solutions  for  fracture  in  tension,  in  shear,  in 
compression  either  in  monotonic  or  in  cyclic  loading. 

I  -  APPLICATION  OF  FRACTURE  MECHANICS  TO  CQMPQSITE 
MATERIALS 

1 .1  -  Recapitulation  of  isotropic  fracture  criteria 

When  one  considers  the  fracturing  of  notched  composite  material  plates  or 
the  splitting  (into  two)  of  composites  due  to  delamination,  one  is  tempted  to  apply  the 
fracture  criteria  of  linear  mechanics.  In  comparison  with  metallic  materials,  the  situation 
will  be  simplified  for  the  high  performance  composite  materials,  thanks  to  their  quasi 
elastic  behaviour,  but  it  will  be  complicated  by  anisotropy.  Other  criteria,  for  example 
that  of  damage  characteristics  of  fracturing  based  on  a  density  of  flaws,  have  been 
proposed  in  literature  relative  to  the  subject  [1],  but  it  calls  upon  a  local  approach.  The 
determination  of  local  stresses,  ply  per  ply,  being  at  the  present  time  very  expensive 
using  a  three  dimensional  method,  the  criteria  of  fracture  mechanics  remain  very 
interesting,  wherever  they  are  applicable. 

A  priori,  in  order  to  escape  from  the  difficulties  present  by  anisotropy  in 
composites,  one  will  preferably  use  the  dissipated  energy  G  from  which  one  will 
possibly  be  able  to  extract  a  stress  intensity  factor.  In  both  cases,  it  will  be  convenient 
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to  use  the  fracture  criterium  defined  by  the  critical  value  Gc  or  Kc. 

1 .2  -  Relation  between  G  and  K 

For  isotropic  solids,  there  exists  a  simple  relation  between  G,  K  and  Young's 
modulus  E,  namely : 

K  =  VGE 

Thus,  one  will  always  be  able  to  calculate  K  from  a  measurement  of  G  by 
compliance,  as  long  as  the  behaviour  of  the  material  remains  essentially  linear. 
Nevertheless,  the  "macroscopic"  anisotropy  of  the  material  must  be  such  that  fracturing 
takes  place  in  plane  of  symmetry  identical,  macroscopically  speaking,  to  the  plane  of 
the  notch  from  where  the  fracturing  has  originated.  Any  and  all  branching  off  and/or 
change  in  mode  results  in  the  probleme  becoming  even  more  complex,  whether  it  be  a 
question  of  metals  or  composites.  In  reality,  anisotropy  does  not  present  an  obstacle  to 
the  application  of  fracture  mechanics  to  composites,  with  the  exception  of  some  special 
cases,  for  example  unidirectional  composites  subjected  to  stress  under  tension  along 
to  the  direction  of  the  fibers  [1  to  9]. 

On  the  reflexion,  it  is  clear,  at  the  microscopic  scale,  that  metals  are  highly 
anisotropic  because  of  the  disorientation  of  the  grains,  the  distribution  of  the 
symmetrical  elements  being  naturally  more  random  than  in  composites.  Finally,  it  is 
anisotropy  at  the  macroscopic  scale  which  counts  in  the  fracture  analysis  for  the 
energy  criterion  G. 

The  "plasticity"  effect  for  high  performance  composites  is  small  and  more 
easily  disregarded  than  in  the  case  of  metals.  The  anisotropic  effect  is  not  problematic 
for  many  quasi-isotropic  composites  and  for  the  treatment  of  delamination.  On  the 
other  hand,  the  branching  off  of  fracluring  in  composites  represents  a  big  problem.' 

1 .3  -  Criteria  for  delamination 

Damage  due  to  intralaminar  delamination  is  expressed  by  an  even  interfacial 
debonding  which  produces  a  splitting  (into  two)  of  the  composite  thicknesswise.  This 
type  of  even  damage  which  spreads  parallel  to  a  face,  under  tensile  and  shear  stress, 
can  be  treated  successfully  by  fracture  mechanics.  Several  authors  [10  to  25]  have 
illustrated  the  advantages  and  the  limitations  of  applying  the  concept  of  the  rate  of 
dissiped  energy  G  to  delamination.  In  particular,  one  must  know  the  orientation  of  the 
notch  and  of  the  flaw  propagation  plane  in  relation  to  the  principal  axes  of  symetry  of 
the  composite,  as  well  as  the  stress  mode.  Once  these  conditions  are  fulfilled  the 
estimation  of  the  delamination  is  carried  out,  either  in  terms  of  G,  or  in  terms  of  the 
stress  intensity  factor  K. 

From  the  experimental  point  of  view,  delamination  propagation  is  especially 
studied  using  bars  or  beams  (DCS  tests  samples),  to  which  we  will  also  limit  ourselves. 
In  very  rare  cases,  see,  for  example  O'BRIEN  works  [10,  11],  delamination  is  studied 
on  the  edge  of  thin  plates,  the  results  obtained  being  in  conformity  with  those  of  the 
beams,  but  more  difficult  to  express. 

For  fiberglass  or  carbon  fiber  composites,  the  experiment  shows  that  the 
unstable  critical  value  Go  or  Kq  can  be  properly  determined  from  delamination 
contained  within  the  beams,  in  mode  II  [22].  In  mode  I,  it  is  found  that  before  instability 
there  is  useally  a  stable  propagation  of  the  delamination.  Thus  during  stable 
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propagation  G|c  is  constants  but  where  the  crack  is  short  G|c  depends  of  the  length  of 
the  delamination  (figure  1).  In  conclusion,  it  is  appropriated  to  use  R  curve  concept  to 
characterize  the  delamination  resistance,  including  G|0  at  initiation  and  G|q  for  stable 
propagation. 

in  addition  to  the  delamination  fracture  conditions,  it  is  also  quite  interesting 
to  know  how  the  latter  spreads  under  cycle  stress.  Amongst  the  solutions  to  be 
considered  at  the  present  time,  fracture  mechanics  offer  an  efficient  means  for 
estimating  the  growth  of  delamination  under  fatigue  by  expressing  the  growth  rate 
da/dN  in  terms  of  AK,  Gmax-  In  glassfiber/epoxy  composites  a  power  relation  is 
verified,  both  in  mode  I  and  in  mode  II  and  for  several  types  of  fabric  or  ply  symmetry 
(figures  2  and  3).  The  existence  of  a  delamination  threshold  (AK  threshold)  which 
defines  a  stress  below  which  the  growth  stops  in  also  verified.  Compared  with  the 
other  mechanical  properties,  this  delamination  threshold  is  particularly  high  ;  it  is, 
furthermore,  higher  in  mode  II  than  in  model.  The  experiment  shows,  all  in  all,  that  the 
delamination  in  glassfiber  composites  is  faster  under  tension  (mode  I)  than  under 
shear,  and  that,  contrary  to  what  one  might  think,  the  stress  frequency  between  one 
and  several  tens  of  hertz  has  no  influence  on  the  delamination  growth  rate. 

Similar  results  are  obtained  in  high  modulus  composite  materials,  reinforced 
with  carbon  fibers,  in  mode  I  and  II.  In  any  case,  an  increase  in  the  load  ratio  R 
produces  a  difference  in  the  delamination  process. 

If  the  curve  da/dN  is  ploted  versus  AK,  the  delamination  rate  increases  with  R 
ratio  but  if  Gmax  delamination  rate  decreases. 

II  r  THE  MECHANISMS  OF  DAMAGE 

2.1  -  General  remarks 

Considering  only  polymer-matrix  composites  reinforced  by  long  fibers,  it  is 
acknowledged  that  the  first  damages  that  appear  under  loading  are  matrix  cracks, 
before  the  fracture  of  the  fibers.  These  are  microcracks  with  an  initial  size  of  the 
thickness  of  one  layer,  and  their  presence  constitutes  the  initiation  of  damage. 
Propagation  will  develop  next,  by  a  multiplication  of  cracks  building  to  a  critical  density 
and  resulting  in  the  development  of  delamination,  until  the  eventual  fracture  of  the 
fibers,  should  that  arise. 

The  initiation  and  propagation  of  damage  depend  on  the  stacking  of  the 
composite  layers.  In  cross-worked  layers  the  first  microcracks  are  produced  in  the 
layers  for  which  the  fibers  are  the  most  disoriented  with  respect  to  the  tensile  axis  (a 
layer  at  90®,  for  example)  and  then  in  the  least  disoriented  layers  (layers  at  45®  and  0®, 
for  example). 

According  to  the  stacking  sequence  of  the  layers,  the  interlaminar  tensile 
stresses  033  and  the  interlaminar  shear  stress  t  eventually  result  in  the  formation  of 

cracks  between  the  layers  ;  this  leads  to  delamination,  a  serious  type  of  damage 
because  it  will  spread,  separate  the  layers  of  the  composite  and  allow,  in  time,  the 
fracture  of  the  fibers. 

The  series  of  elementary  damage-matrix  cracking-delamination-fracture  of 
fibers  take  place  with  all  sorts  of  variations,  depending  on  the  orientation  of  the  layers, 
the  geometry,  and  the  introduction  of  forces.  Before  entering  into  detail,  it  shoud  be 
noted  that  there  is  no  basic  difference  between  the  phenomenon  of  delamination  and 
the  fissuring  of  the  matrix.  To  see  this,  let  us  consider  some  specific  cases  in  which 
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de lamination  is  initiated  and  propagates  in  mode  I  or  mode  II,  both  simple 
modes  of  deformation.  Such  an  approach  cannot  be  applied  to  a  plate  subjected 
to  tension  because  the  local  forces  are  mixed  (tension  and  shear).  It  is 
thus  reasonable  to  turn  to  the  delamination  of  a  bar  or  a  DCB  (Double 
Cantilever  Beam)  specimen. 

2.2  -  Mechanisms  of  damage  by  delamination 

Locally,  on  the  microscopic  scale,  the  mechanisms  of  delamination  are 
basically  the  same  in  tension  and  in  shear.  Still,  the  principal  plane  of 
decohesion  is  strongly  influenced  by  the  maximum  shear  stress.  In  general, 
decohesion  is  produced  at  the  interface  between  fiber  and  matrix,  except  in 
mode  II  where  the  delamination  has  a  tendency  to  leave  the  interface  and 
cut  through  the  resin  in  order  to  stay  within  the  conditions  ofinaximum  shear 
(for  example,  the  plane  of  the  neutral  axis  in  a  bending  bar). 

In  carbon  or  glass  fiber  fabrics  delamination  progresses,  in  mode  I, 
along  the  longitudinal  fibers  while  bypassing  the  arrays  of  transversal 
fibers  (figure  4) .  In  stacked  woven  composites  delamination  in  mode  I 
always  follows  the  interface  of  a  layer  at  zero  degree,  then  deviates  from 
that  path  under  the  influence  of  decohesions  propagating  on  the  interface  of 
layers  oriented  differently.  That  is  how  "splintered"  reliefs  form  (figure  5), 
which  are  consequently  caused  by  the  interaction  of  interlaminar  and 
intralaminar  cracks.  ^  ^  -v 

On  a  smaller  scale,  delamination  brings  mechanisms  of  resin  cracking 
into  play,  among  which  is  the  fracture  of  the  resin  bridges  between  fibers 
that  leaves,  on  the  delamination  surface,  tongues  of  material  that  do  not 
seem  to  depend  on  the  type  of  stress  (tension,  shear,  fatigue).  Smooth 
surfaces  are  observed  in  the  imprint  of  the  fibers,  under  simple  loading  and 
even  in  fatigue,  with  the  exception  of  the  imprints  left  by  glass  fibers 
and  sometimes  in  the  resin  clusters,  where  fatigue  striations  are  visible. 

Thus  delamination  progresses  essentially  by  interlaminar  fissuring, 
which  is  responsible  for  the  separation  of  the  composite  material  in  its 
thickness,  but  it  is  also  associated  with  a  very  significant  network  of 
intralaminar  cracks  that  depend  on  the  fiber  orientation  given  to  each  of 
the  composite  layers.  Some  of  the  intralaminar  cracks  are  induced  by  the 
interlaminar  cracks.  In  laminated  carbon  fiber  composites,  long  intralaminar 
cracks  are  observed  perpendicular  to  the  plane  of  delamination  in  the  layers 
at  zero  degrees  (figure  6) .  These  cracks  appear  a  little  ahead  of  the 
delamination  front  under  the  action  of  triaxial  stresses  [22]  before  any 
decohesion  at  the  interfaces  between  layers.  It  seems  then  that  the  actual 
phenomenon  of  delamination  is  cuased  by  previous  damaging  of  the  resin  ahead 
of  the  front  resulting  first  in  the  formation  of  intralaminar  cracks. 

Ultimately,  the  mechanisms  of  delamination  occur  locally  in  a  damaged 
zone  encompassing  the  delamination  front,  a  zone  that  can  be  readily  detected 
with  radioscopy  of  tomodensitometry  (figure  7) .  The  network  of  microcracks 
leads  to  a  loca  L  decrease  in  the  Hounsf ield  density  in  the  first  layers  around 
the  mean  plane  of  delamination.  It  is  evident  from  these  investigations 
that  the  head  of  the  delamination  front  is  probably  closed  because  of  stress 
relaxation  from  the  formation  of  microcracks  and  in  spite  of  the  fact  that 
residual  compressive  stresses  due  to  plastic  deformation  cannot  exist  in 
composites. 

In  conclusion,  it  appears  that  the  first  microcracks  forming  in  front 
of  a  delamination,  in  mode  I  or  in  mode  II,  are  intralaminar  in  nature  for  a 
DCB  specimen.  The  intralaminar  cracks  only  appear  later,  in  the  form 
segments  that  interfere  with  the  intralaminar  cracks.  This  conslusion  holds 
true  for  composites  made  up  of  unidirectional  layers  or  of  weaves,  which 
present  a  quasi-isotropic  stacking. 
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The  microscopic  mechanisms  involve  numerous  changes  of  planes  and  the 
formation  of  "splinters"  during  delamination,  so  that  delamination  cannot  be 
considered,  in  an/  case,  as  a  simple  decohesion  between  two  adjacent  layers. 

These  mechanisms  show,  in  addition,  that  the  role  of  the  fracture  strength  of 
the  resin  is  thereby  just  as  important  as  that  of  the  fiber/matrix  interface  in  these 
problems  of  delamination.  Hence  the  present  interest  in  thermoplastic  resins  which 
have  more  toughness  than  thermosetting  resins. 

2.3  -  Remarks  on  the  progression  of  damage  mechanisms 

Considering  once  again  a  laminated  plate,  the  series  of  damages  will  be 
slightly  different  from  the  one  described  in  section  2.2,  especially  because  the 
delamination  is  initiated  and  propagates  in  a  mixed  mode  of  deformation  (I  +  II).  In  the 
case  of  a  quasi-isotropic  stacking  delamintion  will  be  facilitated  by  the  presence  of 
layers  oriented  at  45°,  adjacent  to  the  outer  layer  at  0°.  On  the  other  hand,  a  0/90 
sequence  retards  the  beginning  of  delamination.  As  delamination  is  delayed,  the  first 
microcracks  in  the  layers  at  90°  develop  into  significant  deformations.  And  as  in  the 
DCB  specimens,  delamination  is  initiated  after  the  fissuring  of  the  layers  at  90°. 

The  ductility  of  the  matrix  obviously  plays  an  important  role.  For  carbon  fiber 
composites,  the  epoxy  resin  914  does  not  crack  before  attaining  a  70%  elongation  to 
fractur  while  the  resin  5208  cracks  before  50%.  Thermoplastic  resins  further  improve 
on  this  behaviour.  On  the  other  hand,  it  does  not  seem  that  carbon  fibers  with  an 
increased  elongation  to  fracture  (1 .8  %)  play  as  important  a  role  as  the  resin  [8].  It  is 
reasonable,  however,  to  distinguish  between  the  behaviour  of  the  matrix  in  fixed  load 
and  fixed  displacement  conditions  ;  in  the  latter  case  it  is  less  important  to  have  a 
ductile  matrix. 

The  role  of  the  environment,  humidity  and  temperature,  will  not  be  discussed 
here.  Nevertheless,  it  is  useful  to  specify  that  aging  at  elevated  temperature  or  in 
humidity  leads  to  a  softening  of  the  matrix  and  a  reduction  of  internal  stresses,  which 
reduces  the  tendency  for  crack  initiation  [26]. 

Ill  -  PREMATURE  FRACTURE  IN  TENSION  CAUSED  BY  A  NOTCH 

3.1  -  Notch  effects 

In  the  absence  of  brittleness,  it  is  obsenred  that  the  presence  of  a  notch  or  a 
hole  appreciably  increases  the  apparent  yield  strength  and  even  the  ultimate  tensile 
strength  of  metals.  This  phenomenon  is  due  to  the  effect  of  triaxial  stresses  at  the  notch 
tip  that  results  in  a  confinement  of  plastic  deformation  and  slows  the  spread  of 
plasticity.  For  example,  the  yield  strength  of  a  2024T351  aluminium  alloy,  which  is 
about  300  MPa,  increases  to  550  MPa  in  the  presence  of  a  notch  with  a  theoretical 
stress  concentration  factor  Kt »  3.3. 

In  carbon  fiber  composites  the  effect  of  a  notch  is  totally  different  [27  to  29). 
For  quasi-isotropic  stacking  orientations  a  hole  or  a  notch  cuts  the  ultimate  tensile 
strength  in  half. 

In  the  case  of  an  isotropic  stacking  with  an  arrangement  (0/+45/90/-45)s.  the 
residual  strength  falls  to  260  MPa  for  an  original  tensile  strength  of  535  MPa.  An 
increase  in  the  number  of  layers  at  0°  significantly  reduces  this  effect. 

In  a  general  way  the  notch  effect  depends  on  the  geometry.  Figure  8  gives 

the  fracture  results  for  quasi-isotropic  carbon  fiber  composites  (0,90,0±45,0)s.  results 
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which  show  that  the  residual  strength  tumbles  from  80%  to  20%  of  the  nominal 
strength  when  the  size  of  the  notch  increases  [29].  A  notch  having  the  same  diameter 
as  a  hole  is  even  more  serious. 

Technologically,  the  substitution  of  a  metallic  alloy  by  a  composite  must  be 
carried  out  considering  that  the  admissible  stress  around  a  hole  is  about  two  to  three 
times  lower  in  the  composite. 

It  is  worth  mentioning  that  the  behaviour  of  the  composite  is  distinctly  different 
under  cyclic  loading. 

The  fatigue  behaviour  of  notched  composites  is  slightly  unaffected  by  the 
notch  with  respect  to  the  static  residual  strength. 

These  observations  show,  therefore,  that  the  substitution  of  a  metal  by  a 
composite  reverses  the  problems,  the  design  of  a  metallic  part  requiring  a  careful 
fatigue  study  while  the  same  part  made  of  carbon  fiber  composites  will  have  to  be 
studied  instead  for  resistance  to  static  forces. 

3.2  -  Toughness  of  composite  materials 

For  carbon  fiber  composites  having  quasi-isotropic  macroscopic  properties, 
linear  mechanics  is  quite  applicable,  especially  in  relation  to  the  size  and  geometrical 
effects  [27,  28).  Nevertheless,  in  the  general  case  an  orthotropic  approach  is 
necessary. 

In  carbon  fiber  composites  with  an  isotropic  stacking  orientation,  the  critical 
stress  intensity  factor  Kg  (which  is  an  indication  of  a  material’s  fracture  toughness)  is 
between  40  and  50  MPaVm  for  stacked  woven  plates  2  mm  thick,  with  layers  oriented 
at  45®  intervals. 

This  factor  falls  to  30  and  20  MPaVm  if  the  number  of  layers  at  30°  and  0°  is 
increased  (figure  9). 

It  should  be  noted  that  a  high-strength  aluminium  alloy  with  the  same  2  mm 
thickness  attains  a  Kg  of  80  MPa  Vm.  A  priori,  the  composite’s  toughness  in  the  limit  of 
small  thicknesses  is  much  less  than  that  of  rival  aluminium  alloys  ;  the  situation  is 
different,  however,  for  large  thicknesses. 

In  effect,  up  to  a  thickness  of  10  mm  the  value  of  Kg  for  the  composite 

remains  constant  while  that  of  the  alloy  tumbles  by  about  50  %.  It  follows  that  the 
toughness  of  composites  with  respect  to  metals  is  small,  and  all  the  more  so  when  the 
thickness  of  the  plate  is  small.  From  the  parts  design  point  of  view,  a  new  difference 
appears  between  metal  and  composite  :  while  fracture  mechanics  recommends  small 
thicknesses  to  guarantee  better  toughness  for  metals,  the  same  criteria  applied  to 
composites  tend  to  recommend  the  opposite. 

The  materials  that  will  best  resist  tearing  for  a  given  load  are  thick,  stacked 
woven  composites. 

3.3  -  Aoplication  of  Whitnev  and  Nuismer  criteria 

An  other  approach  to  predict  the  fracture  of  a  notched  plate  has  been 
proposed  by  Whitney  and  Nuismer  using  the  stress  at  the  tip  of  the  notch. 

Since  the  point  stress  criterion  and  the  average  stress  criterion  were 
established  by  Whitney  and  Nuismer,  a  number  of  articles  have  been  published  [30  to 
37]  for  the  strength  prediction  of  notched  composite  laminates  under  uniaxial  load.  All 
the  criteria  associate  with  a  characteristic  dimension  that  expresses  the  characteristic 
damage  zone  size.  The  characteristic  dimension  was  considered  as  a  universal 
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constant  ;  then  it  was  treated  as  a  function  of  the  hole  diameters.  Although  these 
criteria  containing  the  characteristic  dimension  can  provide  a  good  agreement  with 
experimental  data  for  the  strength  prediction,  they  leave  much  to  be  done  for  the 
explication  and  study  of  the  damage  mechanism  in  notched  laminates. 

3.3.1  -  Point  stress  criterion  (WN-A)  and  average  stress  criterion  (WN-B)  from  Whitney 
and  Nuismer 

The  two  criterion  are  no  more  than  based  on  the  stress  distribution  along  the 
ligament  of  notched  laminates.  According  to  the  first  criterion  ; 
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where,  all  symbols  are  explicated  in  [30-37]. 

3.3.2  -  Point  strength  model  (Tan-A)  and  minimum  strength  model  (Tan-B)  from  S.C 
Tan 

The  two  models  are  based  on  the  stress  distribution  around  the  hole.  In  the 
first  model,  the  ratio  of  two  first  ply  failure  (FPF)  strengths  is  proposed  to  be  the  same 
as  the  ultimate  strength  reduction  factor  (SRF),  i.e. 


FPF  notched  strength  at  (b^O) 
FPF  unnotched  strength 


(3) 


In  the  second  model,  the  strength  distribution  along  a  curve  which  is  parallel 
to  the  hole  contour  with  a  characteristic  distance  bo  apart  is  considered.  The  curve  is 
called  as  the  characteristic  curve.  Along  It,  the  FPF  strength  is  calculated  point  by  point, 
the  ratio  of  the  minimum  FPF  notched  strength  to  the  unnotched  strength  is  proposed 
to  be  the  same  as  the  strength  reduction  factor  i.e. 
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Minimum  FPF  notched  strength  at  c 
~  FPF  unnotched  strength  ~ 

^0 

where  and  CTq  are  the  notched  ultimate  strength  and  the  unnotched  ultimate 
strength  respectively  ;  b-j  is  the  characteristic  dimension  ;  c  is  the  characteristic  curve 
of  which  the  equation  is  as  follows  : 

bo  is  also  the  characteristic  dimension.  FPF  strength  can  be  determined  with  the 
Tsai-Wu  quadratic  failure  criterion  [36]  containing  the  stress  interaction  term  F*12  = 
-0.5.  The  stress  distribution  of  infinite  symmetric  laminate  with  a  hole  was  derived  by 
using  a  complex  variable  technique  following  Lekhnitskii’s  approch  [36]  a 
superposition  principale.  The  expressions  of  the  stress  distribution  can  be  found  [34]. 

3.3.3  -  Modification  for  Tan's  models 

The  characteristic  dimensions  in  Tan  models  are  only  determined  in 
laminate.  But,  since  a  first  ply  failure  strength  is  considered,  it  is  more  reasonable  to 
calculate  them  in  this  ply.  After  the  first  ply  failure,  one  can  recalculate  the  laminate 
rigidity  and  determine  a  new  characteristic  dimension  in  the  second  failure  ply.  This 
implicates  that  Tan  models  are  useful  for  a  progressively  degraded  laminate.  This 
modification  for  Tan  models  makes  it  possible  to  study  the  notched  laminate  damage 
mechanism,  including  the  failure  sequences  (by  calculating  the  security  coefficients  of 
each  ply),  the  failure  locations  (by  calculating  the  failure  angles  around  the  hole  in 
each  ply),  and  the  failure  moments  (by  calculating  the  ratio  of  the  first  damage  charge 
to  final  fracture  charge).  The  calculation  is  carried  out  with  a  VAX  780. 

3.3.4  -  Experimental  validation 

Laminate  T300/Epoxy  is  used,  of  w'hich  the  stacking  sequences  are  as 

follows  : 


X  :  (0/0/45/45/-45/-45/90/90)s 
J  :  (0/90/45/-45/-45/45/90/0)s 

All  specimens  are  cut  from  a  300x600  plate.  They  have  a  fixed  ratio  of  width 
to  diameter,  equal  to  5.  They  are  respectively  15,  25,  40,  50  mm  wide  by  250  mm  long 
including  75  mm  of  each  end  tap.  Each  ply  has  the  same  thickness  of  0.125  mm.  The 
machining  of  specimens  is  carried  out  with  diamond  tools.  The  elastic  properties  of 
each  ply  in  the  notched  laminates  are  given  in  reference  [38]. 

The  comparisons  between  the  ultimate  strength  predictions  and  the 
experimental  data  are  illustrated  in  figures  10  and  11.  All  the  predictions  agree 
reasonably  well  with  the  experimental  data.  In  particular,  the  prediction  of  the  minimum 
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strength  model  is  more  accurate  than  that  of  the  others  due  to  the  consideration  of  the 
stress  distribution  around  the  hole  other  than  along  the  ligament.  It  can  be  seen  from 
these  figures  that  the  characteristic  dimension  is  a  function  of  stacking  sequences. 

After  the  first  laminate  degradation  (90®  ply  fails),  the  following  +45°  and  -45° 
plies  can  be  retraited  as  the  so-called  first  failure  plies,  and  a  new  SRF-Radius  relation 
that  can  also  give  a  good  prediction  result  can  be  calculated  by  using  the  Tan  models 
and  the  classical  lamination  theory.  Based  on  the  same  treatment  for  0°  ply,  after  the 
second  laminate  degradation  (+45°  and  -45°  plies  fail),  an  other  new  SRF-radius 
relation  can  also  give  a  good  prediction. 

1)  Failure  locations 

The  failure  initiation  location,  0,  the  angles  between  the  1-axis  and  the 
normal  vector  of  the  tangent  at  the  hole  contour  are  calculated  and  shown  in  figure  12. 

From  figure  1 2,  it  can  be  seen  that  the  predicted  final  failure  locations  in  the 
0°  ply  (Fra.)  are  almost  identical  with  those  in  the  90°ply.  This  result  is  similar  to  that 
given  by  Tan  (6).  From  photo  A4,  it  can  be  seen  that  the  path  followed  by  final  fracture 
in  0°  plies  is  influenced  both  by  cracks  in  45°  plies  and  by  those  in  90°  plies. 

In  90°  ply,  the  results  measured  experimentaly  for  specimen  X  agree  well 
with  those  calculated  at  larger  radius  but  are  not  very  good  at  smaller  radius  because 
of  very  deep  pre-damage  around  the  hole.  The  agreements  are  better  in  +45°  and  -45° 
plies  than  in  90°  ply.  It  is  difficult  to  measure  precisely  these  angles.  The  failure 
locations  are  significantly  influenced  by  the  pre-damage  around  the  hole,  especially  in 
90°  ply. 

In  general,  the  hole  size  and  form  can  be  changed  by  the  pre-damage.  The 
contributions  of  pre-damaged  regions  to  laminate  properties  must  be  considered,  then 
an  equivalent  radius  between  the  original  radius  and  pre-damaged  hole  radius  can  be 
introduced  so  as  to  predict  precisely  the  failure  locations. 

2)  Initiation  and  growtli  of  damage 

The  stresses  at  the  first  damage  P-j  (cracks  in  90°  plies)  and  at  the  final 
fracture  Pu  are  calculated  and  respectively  shown  in  figure13.  It  can  be  seen  from  the 
two  figures  that  the  two  curves  calculated  are  almost  "parallel".  In  fact,  the  ratio 
calculated  of  Pi  to  Py  can  be  treated  as  a  material  constant.  The  ratio  is  independant 
of  the  hole  radius,  of  the  models,  and  of  the  characteristic  dimensions.  It  can  be  also 
seen  that  all  experimental  points  are  smaller  than  those  from  calculations  because  of 
the  pre-damage. 

The  stresses  at  the  second  damage  (cracks  in  +45°  and  -45°  plies)  P2  are 
also  calculated  and  shown  in  figure  13.  It  can  be  seen  that  Pi  and  P2  change  with  the 
hole  radius  at  an  identical  tendency.  This  means  that  the  influences  of  pre-damages 
on  Pi  and  on  P2  are  the  same. 

In  conclusion  : 

1 )  These  criteria  and  models  used  in  the  present  study  can  give  good  results 
for  the  strength  prediction  of  notched  laminates,  but  the  minimum  strength  model  is  the 
most  accurate. 

2)  The  characteristic  dimensions  are  not  only  a  function  of  the  stacking 
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sequences  but  are  different  in  different  plies  of  a  laminate. 

3)  The  so-called  combining  method  proposed  in  the  present  study  can  make 
Tan's  models  useful  for  a  laminate  of  which  the  rigidity  has  been  progressively 
degraded  and  can  be  used  for  studying  the  notched  laminate  damage  mechanism, 
including  the  failure  sequences,  the  failure  locations,  and  the  failure  growth. 

4)  The  failure  sequences  of  notched  and  unnotched  laminates  for  the  same 
configurations  are  identical,  and  several  main  damage  stages  predicted  agree  well 
with  the  experimental  results  ;  the  failure  angles  around  the  hole  in  each  ply  change 
with  the  hole  size.  The  ratio  calculated  of  the  stress  at  the  first  damage  Pi  to  that  at 

the  final  fracture  is  independent  of  the  hole  radius,  of  the  models,  and  of  the 
characteristic  dimensions.  It  can  be  treated  as  a  material  constant.  The  experimental 
value  of  the  ratio  is  smaller  than  that  from  calculations  because  of  the  pre-damage 
around  the  hole.  The  value  calculated  of  P2/Pu  changes  slightly  with  hole  radius  and 
is  larger  than  the  values  from  experiments. 

3.4  -  Effect  of  a  notch  on  the  fatigue  strength 

It  is  well  known  today  that  all  metals  are  very  notch  sensitive  and  that  their 
endurance  limit  then  falls  in  significant  proportions.  In  composite  materials  this 
phenomenon  is  pratically  unknown,  which  endows  them  with  a  definite  advantage  with 
respect  to  metals. 

The  most  spectacular  illustration  is  undoubtedly  the  Williams  experiment  [39] 
in  which  he  shows  that  a  composite  plate  with  carbon  fibers,  quasi-isotropic,  notched, 
presents  an  endurance  limit  greater  than  the  residual  strength  of  the  material,  even 
greater  than  the  endurance  limit  of  the  unnotched  material,  on  the  condition  that  the 
load  is  applied  in  increasing  stages. 

Endurance  curves  determined  [40]  for  the  quasi-isotropic  composites 
T300/5208  and  914  show  that  the  fatigue  limit  in  repeated  tension  of  the  notched 
material  does  not  differ  by  more  than  1 0  %  from  that  of  the  unnotched  material.  As  we 
will  see  later  on,  these  results  are  explained  by  the  stress  relaxation  caused  by 
damaging. 

Other  studies  [41  and  42]  lead  to  the  same  conclusion  :  composite  materials, 
although  very  sensitive  to  the  effect  of  a  notch  under  simple  loading,  are  no  longer 
sensitive  to  this  under  cyclic  loading.  Comparing  the  notch  effect  in  samples  of 
aluminium  alloy  7075T6  and  of  quasi-isotropic  carbon  fiber  composite  with  a  Kt  of  3.1, 
it  is  found  [43]  that  the  stress  concentration  factor  Kf  in  fatigue  is  less  than  1  in  the 
composite  and  equal  to  2.5  in  the  alloy,  for  a  lifetime  Nf  of  10^  cycles.  It  now  remains  to 

be  seen  whether  this  result  can  be  generalized  no  matter  what  the  fatigue  loading  and 
in  particular  in  the  case  where  one  part  of  the  cycle  includes  compression. 

3.5  •  Notch  effect  in  compression 
Monotonic  loading 

To  study  compression  loading,  we  suggest  to  use  a  CT  specimen  with  a 
notch  to  avoid  macrobuckling  [44]. 

For  a  quasi  isotropic  T300/N5208  composite,  the  cracking  of  the  specimen 
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under  the  monotonic  compression  loading  can  be  considered  as  macroscopically 
elastic.  The  figure  14  shows  that,  during  the  test  the  slope  of  compression  curve 
load-opening  displacement  stays  unvarying,  although  the  first  damages  occur  early,  at 
about  60~~70  %  of  ultimate  load  (Pu).  This  signifies  that  the  stiffness  of  the  specimen 
or  the  response  of  the  opening  displacement  transducer  is  not  sensible  to  the  first 
damage. 

The  results  of  mechanical  tests  carried  out  on  differents  specimens  for 
several  notch  lengths  shows  clearly  that  the  failure  stress  is  not  a  sample  function  of 

notch  length.  The  curvature  radius  of  notch  tip  p  has  an  important  influence.  This 
conclusion  is  logical  because,  in  the  case  that  p  it  o,  the  stress  field  at  the  vicinity  of 
the  notch  tip  is  not  only  governed  by  the  notch  length  but  also  by  p. 

Fatigue  Loading 

In  a  general  manner,  the  damage  evolution  of  compression  cyclic  specimen 
does  not  end  by  a  brutal  propagation.  As  for  monotonic  compression  specimen,  the 
compliance  transducer  is  not  sensible  to  the  first  damages.  The  figure  1 5  gives  typical 
curves  of  compression  fatigue.  We  can  see  that  the  significant  stiffness  degradation  of 
the  specimen  occurs  as  about,  in  the  case  of  C-T  loading,  3/4  of  the  life  time  and,  in  the 
case  of  C-C  loading,  4/5  of  the  life  time.  The  growth  of  the  compliance  due  to  damage 
is  later  but  more  pronounced  for  the  second  case  than  for  the  first  one.  This  remark 
leads  us  to  think  that  the  damage  mode  depends  the  fatigue  ratio  R,  in  such  fashion 
that  when  R  tends  to  1 ,  the  damage  mode  becomes  this  of  monotonic  compression  [7]. 

For  compact  specimens  W  =  75,  a*  =  34  mm,  p  =  4  mm,  some  obsen/ations 
have  to  be  noted  out :  under  C-C  fatigue  loading,  the  "no  damage",  threshold  is  found 
at  60 — 70%  of  Pu.  In  the  case  of  C-T  loading,  the  life  time  tends  to  the  infinity  when  the 
maximum  applied  load  is  inferior  to  42  %  of  Pu.  The  endurance  limit  is  smaller  in  the 
second  situation  than  in  the  first  one.  So  we  can  conclude  that  the  C-T  fatigue  is  the 
most  dangerous  loading  mode  for  the  material. 

In  the  case  where  the  loading  is  in  alternating  compression-tension,  the 
S(j/UTS  ratio  is  in  the  neighborhood  of  only  33  %  with  respect  to  ultimate  tensile 
strength  but  close  to  50  %  vyith  respect  to  compression  strength.  It  emerges  from  these 
observations  that  there  exists  radically  different  behaviors  in  carbon-epoxy  composite 
materials  according  to  whether  or  not  a  notch  is  present  and  whether  the  load  is  in 
tension  or  compression.  The  situation  can  be  schematically  as  shown  in  figure  16. 

(the  crossbatched  rectangles  represent  the  behavior  of  the  notched  plates). 

IV  -  DAMAGE  AT  THE  NOTCH  TIP 

4.1  -  Damage  in  simple  tension 

Considering  the  significant  notch  effects  observed  in  composite  materials, 
numerous  studies  have  been  begun  on  damage  at  the  notch  tip  in  order  to  determine 
and  predict  fracture  from  the  stress  concentration. 

In  the  presence  of  a  notch  or  a  hole,  damage  starts  near  the  edge  of  the 
notch  and  propagates  in  the  course  of  loading  ;  these  two  phases  of  initiation  and 
propagation  can  be  separated,  and  both  depend  on  the  composite's  stacking 
orientation.  The  case  of  quasi-isotropic  materials  will  be  examined  first,  then  materials 
with  other  types  of  stacking  orientation. 
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One  of  the  most  powerful  methods  for  studying  the  damaged  zone  at  a  notch 
tip  consists  in  making  use  of  radiography  in  conjunction  with  an  impregnation  of  the 
composite  with  an  opacifying  agent  (zinc  tetrabromoethane  or  iodide)  (figure  17). 

With  the  aid  of  this  technique,  let  us  examine  the  damage  at  the  notch  tip  in 
rectangular  plates  and  compact  specimens  presenting  16,  32,  64  carbon  fiber  layers  in 
a  quasi-isotropic  stacking  (0/-i-45/90/-45)s. 

In  the  course  of  tensile  loading  the  first  damages  appear  at  one-third  of  the 
fracture  load,  at  first  in  the  layers  at  0°.  The  size  of  the  damaged  zone  increases  with 
the  applied  force  according  to  a  function  of  k2  or  k3.  It  is  to  be  emphasized  that  this 
zone  is  about  twenty  times  larger  than  the  plastic  zone  in  metals  would  be,  calculated 
by  the  Irwin  relation  [6]. 

The  fracture  of  the  plates  is  produced  when  the  size  of  the  damaged  zone 
reaches  a  dimension  of  the  order  of  10-20  mm,  depending  on  the  stacking  considered 
and  with  a  noticeable  effect  of  the  notch  configuration  [6,  7].  For  greater  loads  the 
damaged  zone  is  smaller  in  CT  (Compact  Tension)  specimens  than  in  CCT  (Center 
Crack  Tension)  specimens. 

The  shape  of  the  damaged  zone  depends  on  the  stacking  orientation  and  the 
stress  state  at  the  notch  tip.  In  a  compact  specimen  the  damaged  zone  has  a  tendency 
to  round  off,  while  in  flat  specimens  with  a  centered  notch  the  zone  tends  to  grow 
symmetrically  in  the  planes  of  maximum  shear.  The  number  of  iayers,  for  a  given 
stacking,  does  not  seem  to  influence  the  size  of  the  damaged  zone  [6]. 

Comparing  the  mechanical  behavior  of  notched  composites  to  that  of  metals, 
it  has  been  emphasized  that  the  size  of  the  damaged  zone  is  significantly  greater  than 
that  of  the  plastic  zone.  But  other  differences  are  worth  bringing  up.  In  the  case  of 
metals,  a  release  of  energy  takes  place  in  the  plastic  zone  that  opposes  the 
development  of  the  process  of  britlle  fracture.  For  composites,  the  damaged  zone  is 
already  the  result  of  the  propagation  of  fracture  (delamination,  fracture  of  fibers,  etc...) 
which  remains  in  the  elastic  range. 

The  difference  between  these  mechanisms  at  the  notch  tip  is  evidenced  by  a 
study  of  the  fracture  surfaces. 

The  fracture  of  a  metal  is  limited  by  the  plastic  zone  ;  that  of  the  composite  is 
sustained  inside  the  damaged  zone. 

4.2  -  The  effec?ts  to  fatigue  Qaltie. damaged  zone 

In  the  same  specimens  as  before,  damage  is  found  in  the  same  way  at  the 
notch  tip  ;  under  cyclic  stresses  it  grows  as  the  number  of  cycles  increases  [7,  27]. 

For  repeated  loads  limited  to  between  2/3  and  3/4  of  the  ultimate  tensile 
strength,  cracks  advance  in  the  layers  oriented  at  45®  with  respect  to  the  notch,  ut  to  a 
lifetime  of  5  x  10®  cycies. 

The  cracks  in  the  layers  at  0°,  parallel  to  the  notch,  advance  relatively  little  in 
the  course  of  loading  except  in  the  proximity  of  the  cracks  oriented  at  45°.  A  damaged 
zone  is  thus  formed  in  the  shape  of  butterfly  wings  oriented  in  the  directions  of 
maximum  shear  and,  in  general,  asymmetrical  after  10®  to  10^  cycles  and  equal  to  the 
size  it  would  have  been  under  simple  tension,  to  a  first  approximation.  But  its  shape 
seems  to  be  clearly  influenced  by  the  macroscopic  shear,  which  often  introduces  an 
asymmetry  in  the  damaged  zone,  already  observed  by  several  authors  (and  which 
does  not  exist  in  simple  loading),  because  delamination  progresses  faster  between  the 
first  layers  near  the  surface,  oriented  0°/-45°. 
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4.3--  The  influence  of  stacking  orientation 

W©  have  just  seen  that,  under  both  simple  and  cyclic  stresses,  a  localized 
damage  exists  at  the  notch  tip  and  that  the  microscopic  development  of  this  damage 
depends  on  the  loading.  But  it  also  depends  on  the  stacking  orientation  of  the 
composite,  which  makes  any  attempt  at  generalization  difficult. 

On  the  other  hand,  a  tendency  clearly  emerges  for  the  blunting  of  the  notch 
effect,  a  tendency  which  strongly  depends  on  the  cracking  of  the  layers  at  0° 
("splitting"),  when  these  layers  exist.  It  is  evident  that  adding  more  fibers  in  the  direction 
of  loading  will  increase  the  toughness  while  spreading  the  splitting  effect,  ending  in 
fracture  from  the  hole  but  parallel  to  the  direction  of  loading.  In  this  case  fracture 
mechanics  is  not  applicable. 

4.4  -  Damage  zone  in  compression 

4.4.1  -  Evolution  of  damage  around  the  hole 

As  discused  early,  the  compliance  transducer  is  not  sensible  to  the  first 
damages,  in  the  both  cases  of  monotonic  compression  loading  and  cyclic  compression 
loading.  By  contrast,  the  lateral  transducer  and  the  strain  gage  show  an  excellent 
sensibility  to  these.  In  the  figure  15,  we  can  distinguish  three  steps  on  the  curve  of  the 
lateral  transducer.  From  beginning,  the  curve  increases  with  an  important  slope,  and 
reveals  the  initiation  and  the  progression  of  damages.  The  X-rays  photo  (above  the 
curves)  taken  in  this  step  gives  the  confirmation.  The  increase  of  this  curve  continues 
until  a  plateau  which  corresponds  to  the  seconds  step.  In  this  step,  damages 
propagate  stably,  and  only  the  strain  gage  can  reveal  this,  because  it  is  placed  more 
far  from  the  notch  tip  than  the  lateral  transducer.  In  the  last  step,  the  damages  progress 
quickly,  until  the  final  failure.  All  the  three  curves  recorded  by  the  compliance 
transducer,  the  lateral  transducer  and  the  strain  gage  have  a  very  strong  slope.  It  has 
to  point  out  that  the  slope  of  the  strain  gage  curve  changes  the  sign,  and  the  curve  can 
decrease  until  below  0.  This  signifies  that  the  concerned  region  is  in  a  tension  state. 
The  final  form  of  damage  zone  has  a  quasi  elliptical  form  (figure  18). 

4.4.2  -  Microscopic  aspect  of  damage  zone  in  compression 

The  X-ray  technique  is  very  efficient  to  visualize  the  damage  from  and  its 
progression,  but  this  technique  gives  only  projected  images  through  the  whole 
specimen  thickness.  For  observe  closely  the  damage  progression  and  to  help 
understand  the  mechanisms  acting,  the  micrographic  sections  were  taken  before  and 
after  the  final  failure. 

From  different  microscopical  observations,  a  general  conclusion  can  be 
given  :  the  damage  mechanisms  change  from  a  loading  mode  to  an  another,  but  in  all 
cases,  the  delamination  is  the  principal  mode  of  damage  propagation  in  the 
compression  laminate  specimens  [44]. 

Monotonic  loading 

The  damage,  or  more  exactly  the  delamination  is  initiated,  at  first  time  in  the 
most  external  interfaces.  But  this  initiation  is  very  limited  before  the  final  failure.  The 
micrographic  section  effected  at  95  %  of  Pu  shows  that  the  delaminations  are  confined 
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at  the  notch  tio  and  in  the  external  interfaces. 

When  the  applied  load  reaches  Pu,  the  closing  of  the  notch  becomes  so  hard 

and  the  energy  accumulated  at  the  notch  tip  attains  the  critical  value,  the  breakdown  of 
the  specimen  wcurs  brutally.  The  figure  19  shows  a  photo  of  the  micrographic  sertion 
A-A  o^f  a  failed  specimen.  We  can  differentiate  three  zones.  The  first,  near  the  "o^^h  tip, 
corresponds  to  a  generalized  crushing  damage  zone.  In  the  second  zone,  crushing 
damages  tend  to  be  transformed  to  delaminations  and  then  to  propagate  in  the 
external  plies,  because  in  these  locations  the  necessary  propagation  energy  is  less. 
The  change  of  propagation  planes  happens  by  breaking  adjacent  laminas,  and  '^deed 
ttie  90»  plies  which  are  very  difficult  to  break,  as  they  have  the  same  onentation  than 
Z  SlamiSlIon  propagatiin.  This  change  is  possible  berause  the  .".W  ^on 
due  to  the  crushing  damage  of  the  first  zone  is  very  brutal  and  important.  The 
delaminations,  limited  now  in  the  external  interfaces,  progress  in  the  third  zone  which 

On  the  section  B-B,  we  can  observe  an  irregular  damage  distribution.  Some 
delaminations  at  the  specimen  center  can  be  more  important  than  those  external.  This 

is  the  conseauence  of  the  brutality  of  the  final  failure.  .  a.  ,  x  -i  < 

From  these  observations,  it  will  be  reasonable  to  think  that  the  final  failure  of 
the  monotonic  compression  specimen  occurs  brutally  at  the  last  moment,  under  the 
crushing  form  at  the  notch  tip  and  this  crushing  damage  begins  at  same  time  in  the  ^1 
specimen  thickness.  This  consideration  is  very  important  for  the 
fracture  mechanics  to  characterize  the  monotonic  compression  failure,  which  is 

discused  later. 

Cyclic  loading 

Since  the  applied  load  is  inferior  to  the  critical  value  for  the  monotonic 
generalized  damage,  the  first  damages  of  cyclic  loading,  confined  at  the  noteh  f'P  arid 
limited  in  the  external  interfaces,  can  not  progress  quickly.  But  as  the  resin  is  sensible 
to  the  cyclic  loading,  these  delaminations  can  propagate  slowly.  The  extenor  plies 
grow  weak  progressively  due  to  the  degradation  of  the  resin  between  fibers  and 
begin  to  bend  with  an  increase  amplitude  as  function  of  number  of  cycles.  This  induces 
the  delamination  of  the  second  adjacent  plies,  and  then  the  third,  the  forth...,  until  the 
final  failure.  For  this  reason,  the  brutal  breaking  is  not  observed  in  the  compression 

fatigue  specimen^^^  ^  C-C  fatigue  specimen,  we  can  observe  that  in  the 

second  zone  of  damage  progression,  there  is  no  fracture  of  the  90°  plies.  That  is,  the 
accumulated  energy  at  the  damage  tip  is  not  sufficient  to  break  these  plies  for 

changing  the  propagation  direction.  ,  x 

In  the  A-A  section  of  a  C-T  fatigue  specimen,  there  is  a  very  good  regularity  of 
the  damage  distribution.  The  first  damage  state  is  practically  absent,  and  the 
delamination  tips  can  be  included  inside  a  quasi  parabolic  curve. 

In  the  micrographic  sections  B-B  (figure  19),  we  can  compare  easily  the 
regularity  of  the  damage  distribution  of  C-C  and  C-T  specimens  which  is  quasi 
oarabolic,  with  the  monotonic  compression  specimen.  It  has  also  to  point  out  that  with 
these  sections,  we  can  distinguish  more  clearly  the  difference  between  C-C  failure  and 
C-T  failure  ;  in  the  first  case,  the  microcracks  don't  exist,  and  the  damages  are 
essentially  delamination  and  plie  fractures  due  to  bending  and  buckling  in  these  plies. 
In  the  second  case,  by  influence  of  the  positive  loading,  microcracks  are  formed  in  the 
90°  and  ±45°  plies.  The  microcracks  are  aided  by  the  delamination  of  the  adjacent 
plies  and  aid  mutually  the  progression  of  these  delamianaions.  This  is  why  the  C-T 
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fatigue  is  the  most  dangerous  loading  mode  for  the  laminate  materials. 

4.4.3  -  Characterization  of  the  compression  damage 

The  damage  mechanisms  diseased  early  lead  us  to  think  that,  it  is 
reasonable  to  try  to  use  the  linear  fracture  mechanics  to  characterize  the  compression 
failure  of  this  material.  For  this  purpose  it  is  convenient  to  take  the  generalized  plane 
stress  consideration  in  the  determiantion  of  stress  field. 


Calculation  of  stress  and  displacement  fields 

Since  the  considered  medium  is  a  macroscopicaiiy  orthotropic  plate 
containing  a  notch,  to  calculate  the  stress  field  in  the  specimen,  especially  near  the 
notch  tip,  a  theoretical  analyses  was  necessary.  To  simplify  the  calulation,  we  have 
replaced  the  notch  by  an  elliptical  hole  of  which  the  curvature  radius  of  the  top  is  same 
than  this  of  the  hole.  The  validity  of  this  approximation  is  discussed  in  [8].  The  used 
method  was  based  on  the  so  called  "modified  mapping-collocation"  technique 
developed  early  by  O.  Bowie  with  the  follov/ing  mapping  formulation  [45]. 

zj  =  co(i;j)  =  yJ^Cj  + 

where  Zj  =  x  +  pj  y  the  complex  planes  representing  the  physical  region  of  the 
specimen  ,  Lj  =  a  +  ipjb,  mj  =  (a  +  ipjb)/{a-  ipjb),  and  pj  =  a  +  ib,  the  roots  of  the 
characteristic  equation  determined  by  the  specimen  anisotropy  : 

ajiP'^ '  2ai6P^  +  (a66+2ai2)p-  -  a26P  +  ^22  =  0 


This  mapping  carries  the  unit  circle  ^  =  a  and  its  exterior  into  an  ellipse  along 
the  modified  notch  and  its  exterior  respectively. 

The  representation  of  the  stress  function  can  be  given  as  follow  : 


2Re  |t1,)[s-02«i)+T'(I>2(^)]  +  Tl2i^2<^2)|  =  Xi 


cr  IReirin  S  Xaj;2i;i+T  Xa^2?i'' 


ri=-®o 


+  ’l2iX®^2?2[=  Xi 


(3) 

(4) 


Where  S  =  (pi  -  P2)/  (P1  -  pi) ,  T  =  (pi  -  P2)/(m  -  m).  Xj  represents  the  boundary 
conditions  in  the  direction  i  ( i  =  1,2),  rili,  Ti2i  are  constants  depending  the  nature  of 
boundary  conditions  Xi  : 

-  for  force  resultant  conditions 

ill1  =m. 'Hai  =  F2' Tll2  =  ^!22  =  ^ 

-  for  displacement  conditions 
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and  a*n2  =  c*n2  +  'd*n2.  complex  coefficients  to  determinate  for  verifying  the  equation 

(4). 

The  follov/ing  procedure  was  tried  and  found  good  to  resolve  the  equation  (4) ; 


1.  Truncation  of  the  infinite  expansion  in  equation  (4)  to  a  suitable  number  of 
positive  and  negative  powers  n-j,  n2  respectively. 

2.  Selection  of  points  around  the  external  boundary  in  a  fairly  uniform 
manner  and  writing  force  boundary  conditions  at  each  of  the  direct 
locations.  The  number  of  points  was  so  arranged  that  the  number  of 
boundary  equations  thus  obtained  was  about  twice  or  triple  the  number  of 
unknowns  a*n2- 

3.  Selection  of  the  unknowns  in  such  a  manner  that  the  equations  in  step  2 
are  satisfied  in  a  least-square  sense. 


A  computer  code  was  developed  in  order  to  determirie  the  coefficients  of  the 
stress  function  a*n2  and  to  calculate  the  stress  fields  by  the  following  relation  ; 


o„.2y 


I 


n=*ni 

n2 

-2  X  nd;2lHTiii 

n=-r\i 


COi(Cl) 

Sq?-'  -^Ti;r 


Tl2i 


-n-l 

Si _ 


C02(fa) 
■+  riai 


cr  1 

‘  coife)] 


(5) 


•.vhsre  Tiji  =Uj  when  Cij  =axx.  riji  =|J.j  when  Gy  =CTxy  and  Tiji  =  1  when  ay  -Oyy  . 

Csiculation  of  the  rate  of  dissipated  energy  for  monotonic  failure  initiation 


Since  the  monotonic  compression  failure  occurs  immediately  after  its 
initiation,  the  characterization  or  the  establishement  of  the  criterion  for  this  damage 
state  is  essentially.  With  the  knowledge  of  the  stress  and  displacement  fields,  the  rate 
of  dissipated  energy  can  be  determined  by  integrating  the  expression  a2jdu|  from  B  to 


A[10]: 


Gi=|^=J«c?2idui 


The  signification  of  a*,  B  and  A  are  indicated  in  the  figure  20-a. 

In  practice,  the  damage  does  not  begin  on  the  all  width  of  the  notch,  the 
integration  must  be  effected  from  B  to  A*.  The  point  A*  or  the  width  of  damage  zone  is 
determined  by  the  point  criterion  of  NUISMER-WHITNEY  lied  in  the  vertical  direction 
and  in  the  revers  manner.  That  is,  knowing  the  compression  resistance  of  the  material 
Gyc  and  applied  stress  state  oy,  we  determine  the  interval  d]  between  which  the  stress 

Gyy  S  Oyc  (figure  20-b). 

Since  the  damage  width  di  is  not  null  when  damage  occurs,  the  energy  of 
failure  initiation  must  be  carried  on  an  energy  by  unit  damage  volume.  To  avoid 
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(6) 


confusion,  we  denote  this  energy  by  L-|  : 


The  index  1  signifies  that,  macroscopically  the  loading  is  in  mode  I.  The 
compression  failure  occurs  when  Li  >  Lic.  In  the  calculation  of  Li,  if  the  applied  stress 
is  very  less,  the  width  of  damage  zone  d|  can  be  not  initiated. 

Application  and  discussions 

(1)  Monotonic  damage 

The  results  of  calculation  are  shown  in  the  figure  21  for  both  the  compact 
specimens  and  the  rectangular  specimens.  The  failure  initiation  energy  can  be 
considered  as  constant  for  all  specimens,  except  there  is  a  small  difference  between 
compact  specimens  and  rectangular  specimens.  We  think  that  this  difference  comes 
from  the  use  of  the  anti-buckling  devises  for  the  rectangular  specimens,  since  some 
authors  have  found  early  that  the  anti-buckling  devises  can  cause  some  small  change 
of  the  material  behavior.  So  it  is  convenient  to  take  1 .1 3a.107j/m3  as  the  energy  of  the 
monotonic  failure  initiation.  Of  course,  this  energy  can  also  be  used  for  establish  the 
catastrophic  failure  criterion  because  of  the  brutality  of  the  monotonic  damage 
progression. 

(2)  Fatigue  damage 

With  the  definition  of  the  rate  of  dissipated  energy  by  unite  volume  [45],  we 
can  summarize  all  results  of  endurance  tests  in  the  same  curve  Li  max  -  Nf,  where 
Lf  max  corresponds  to  the  maximum  load  in  the  cyclic  loading.  It  has  to  underline  that 
the  rate  of  dissiped  energy  used  here  has  only  an  indicative  signification,  by  the 
reason  that  the  damage  mode  in  the  monotonic  specimen  and  in  the  cyclic  specimen 
is  quite  different.  We  have  chosen  this  parameter  for  the  fatigue  damage 
characterization  because  it  should  exist  a  relation  between  the  monotonic  failure 
energy  and  cyclic  failure  energy.  Thus,  with  this  parameter  Li  max  we  can  give  an 

indicative  idea  on  the  compression  fatigue  resistance  of  this  notched  laminate 
material. 

To  describe  the  fatigue  damage  propagation,  we  have  interpolated  the 
specimen  compliance  Comp  and  the  damage  length  A  as  function  of  number  of  cycles 
of  a  specimen. 

The  final  results  of  the  calculation  for  the  damage  progression  are  illustrated 
in  the  figure  22. 

We  can  discern  three  different  stages  on  this  curve.  The  first  which  has  a  very 
high  slope,  corresponds  to  the  beginning  of  damage.  The  second,  less  vertical, 
represents  the  state  of  the  stable  propagation,  and  this  leads  into  the  last  state  of 
damage  until  the  final  failure.  The  second  stage  is  the  most  interesting  for  the 
characterization  of  the  fatigue  damage.  Since  this  part  is  a  straight  line,  we  can  choose 
the  Paris  law  to  describe  this  stable  progression  of  damage,  that  is  : 

dV/dN  =  7.34  .  10-18  (Limax)°  ®®2 
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The  unit  of  V,  N  and  Limax  are  respectively  m3,  cycle  and  J/m3. 

CONCLUSION 

The  essential  of  the  approach  presented  herewith  concerns  the  study  of 
fracture  criteria  and  the  damage  mechanisms  up  to  the  rnicroscopic  scale.  On  both 
cases,  the  application  of  the  concepts  of  fracture  mechanics  leads  to  global  or  local 
analysis  which  allow  one  to  suitable  characterize  the  behaviour  of  materials. 

The  problem  in  question  can  only  be  solved  by  calculating  the  stress 
intensity  factor  or  the  rate  of  dissipated  energy  for  a  given  structure.  The  calculation  of 
K  or  G  in  quasi  isotropic  composite  materials  subjected  to  stress  in  simple  modes  does 
not  present  anay  particular  difficulty.  However,  anisotropiy  and  mutiaxial  loading 
seriously  complicate  the  calculation,  the  results  of  which  to  date  remain  unreliable. 

All  things  considered,  the  application  of  fracture  mechanics  to  composite 
materials  results  in  one  being  able  to  solve  numerous  problems,  in  particular  those 
posed  by  delamination,  and  one  can  conclude  herewith  in  favour  of  its  success,  here 
as  elsewhere,  it  being  understood  that  much  more  remains  to  be  done. 
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a)  VETROTEX  Glass  fiber/Epoxy  Resin  E60,  th=3mm ,  a  =  60.5mm  -  V  =  2mm/min 
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b)  VETROTEXGlass  fiber/Epoxy  Resin  B89,  th=20mm  ,  a  =  19mm  -  V  =  0.2mm/min 


Fig.  1  Woven  glass  fibers  epoxy  composite  delamination,  Test  DC3  -  mode  I 
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log(Gmax)  (N/m) 


Influence  of  R  ratio  on  the  growth  rate  vs  strain  energy  release  rate 
(  Fatigue,  delamination  mode  II GFRP  U.D.  th  =  3mm,  f  =  5Hz ) 
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Fig.4  Microscopic  ])ath  of  delaminalion  in  composites 
( carbon  woven  ). 


Fig. 5  Interlaminar  matrix  micr(x;racks  in  front  of  a  dclamination  in  7300/5208 
woven  composite  material  after  fatigue  —  Three  cross  sections  (X50). 


Fig.7  Detection  of  the  damage  by  delamination  using  Hounsfield  density 
( 357  inside  the  damage  zone  against  385  outside ) 
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Fig.  8  Notch  effect  in  a  CFRP  ( 0/90/0/±45/0  )§  in  tension  (  by  DOREY ) 
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T300/914 — Thickness  (  2  to  20  mm) 

A— (0/45/90/-45)s 

B-<0/30/60/90)s 

C-~(0/45/-45/0)s 

D~-7075  T7351  (1.6mm) 

£—7075  T7351  (12mm) 

F— 2024  T351  (1.6mm) 

Fig.9  Schematic  comparison  between  the  toughness  of  composite 
materials  and  aluminium  alloys. 
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Fig.lSb  Comparisons  of  PI  and  Pu  between  the  results  from 
experiments  and  from  calculations  with  the  model  Tan-B 
for  specimen  (0/90/4 5/-45/-45/45/90/0)s 
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Figure  14  -  Mechanical  behaviour  of  CT  specimen  in  compression 
(by  D.  LAI) 
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Sd/UTS 


Fig.  16  Schematic  review  of  the  fatigue  limits  versus  UTS  of  notched 
and  urmotched  composite  materials. 
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RADIOGRAPHIES 
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Fig.  17  Damage  zones  around  a  notch  or  a  hole  under  monotonic  loading 


Figure.  18  -  Modelisation  of  the  damage  zone  at  the  tip  of  a  notch  in 
compression  cyclic  loading 
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Figure  20  -  Modelisation  of  a  notch  in  compresssion  loading 
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Figure  21  -  The  critical  strain  energy  release  rate  versus  the  geometry  of  a 
notch  in  monotonic  compression 
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Figure  22  -  Growth  of  the  damage  zone  at  the  tip  of  a  notch  in  tension- 
compression  fatigue 
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-ABSTRACT 

paper  summarizes  a  series  of  research  works  performed  in  my  laboratory 
in  Tokyo  University  and  Nihon  University.  They  include  the  analytical  and 
experimental  studies  on  the  mechanical  testing  methods  in  order  to  obtain  the 
fundamental  and  reliable  i^chEinical  properties  used  for  structural  design,  such 
as  tensile,  flexural  and  in-pleuie  shear  properties  of  adveoiced  composites.  As  an 
extreme  case,  the  unidirectional  ceirbon-r iber  reinforced  plastics  is  used  as  a 
specimen  material.  The  stress  and  deformation  distributions  are  analysed  by  the 
finite  element  method  numerically  and  by  basing  on  the  finite  deformation  theory. 
Based  on  the  good  agreements  between  the  experimental  and  analytical  results,  the 
present  testing  methods  are  discussed  or  criticised  and  the  reccmmendations  for 
improving  them  are  proposed. 

1.  INTRODUCTION 

The  mechanical  testing  methods  for  advanced  composites  developed  recently, 
have  not  yet  been  fully  established  international iy*  ^  2  >  and  many  problems  remain 
to  be  solved.  The  reason  for  it  results  from  extreme  anisotropy,  low  shear 
rigidity,  coupling  effects  and  various  fracture  mechanisms  etc..  And  it  is 
difficult  to  specify  the  testing  methods  for  evaluating  reasonably  the  mechanical 

Froperties  used  for  structural  design,  becaiise  of  existence  of  lots  of  influence 
actors3  >  .  Under  such  present  circumstances ,  the  seven  developed  nations  are  now 
cooperating  to  contribute  to  the  establishment  of  reliable  international 
specifications  for  testing  methods  as  VAMAS  project  (Verseilles  Project  of 
Advanced  Materials  and  Standards ) .  Some  pEirt  of  this  research  has  been  performed 
to  meet  this  project. 

2.  SIGNIFICANCE  OF  STANDARD  TESTING  METHODS 

The  significance  to  establish  the  standard  testing  methods  should  be 

( 1 )  To  avoid  the  large  scatters  of  mechanical  properties  determined  by 
various  testing  me^ods  and  to  put  them  in  order  in  design  maniial. 

(2)  To  discuss  the  merits  or  the  demerits  of  the  properties  of  various 
composites  through  the  relative  comparison  by  the  unified  testing 
method. 

(3)  To  present  the  useful  design  data  obtained  under  the  similar  stress 
states  in  practical  service 

3.  PROBLEMS  ENCOUNTERED  IN  TESTING  METHODS  FOR  ADVANCED  COMPOSITE  MATERIALS 

( 1 )  The  stress  can  not  be  dispersed  from  the  highly  stressed  regions  under 
concentrated  loads  due  to  extreme  anisotropy  and  low  shear  modulus.  Accordingly, 
the  Saint -Venant  principle  used  in  elasticity  can  not  be  applied. 

^  an  example,  consider  the  stress  flows  and  the  tensile  stress 
distributions  in  both  isotropic  and  anisotropic  dumbell-type  specimens  as  shown 
in  Fig. 1.  In  isotropic  specimen,  the  tensile  stress  in  parallel  part  beccwnes 
almost  uniform  because  or  high  shear  modulus;  On  the  other  hand,  in  the 
anisotropic  specimen,  the  tensile  stress  is  not  uniform  due  to  low  shear  modulus 
along  fibers,  and  the  shear  cracks  are  apt  to  occur  in  the  region  with  curvature 
becatjse  of  low  shear  strength  along  fibers.  Further,  the  shear  deformation  can 
not  be  neglected  in  some  case,  e.g.,  in  the  bending  of  thick  beam. 
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(a)  tension  through  chuck  (^)  tension  through  pin 


Fig.l.  Stress  flow  in  tensile  specimen. 


Fig.  2  Four  fundamental  fracture  strengths  of 
unidirectional  fiber-reinforced  composite. 


(2)  Because  of  existence  of  various  fracture  mechanisms,  it  is  difficult  to 
realize  the  specified  fracture  mode  in  testings. 

The  four  fundamental  strengths  corresponding  to  four  kinds  of  fracture  modes 
in  a  unidirectional  layer  in  laminated  structures  as  shown  in  Fig. 2  are  as 
follows. 

(J)  Tensile  strength,  F  l,  in  the  fiber  direction  due  to  tensile  fracture  of 
fibers 

(D  Conroressive  strength,  Fl',  in  the  fiber  direction  accompanying  fiber 
buckling  and  shear  deformation  of  matrix 
@  Tensile  strength.  Ft ,  transverse  to  fibers  due  to  interfacial  sep^ation 
®  Shear  strength,  Fli.^  which  veu'ies  with  the  angle  tp  between  shearing  and 
fiber  directions,  along  fiber-matrix  interface 

These  failure  strengths  vary  with  properties  of  fibers  and  resins,  curing 
conditions  and  fiber  content,  etc..  The  variations  of  experimental  values  of 
unidirectional  CFRP(T300)  with  fiber  volume  fraction,  V,  ,  are  shown  in  Fig. 3.  Ft 
and  FtT.0=FLT  are  much  lower  than  Fl  and  F'l  resulting  in  probable  fractures  at 
the  interface. 

Accordingly,  the  desired  fracture  properties  can  not  be  obtained  frequently 
because  of  preceding  Ft  or  Fl  t  fractures,  such  as  Fl  t  fracture  in  tensile  test  as 
shown  in  Fig . 1 . 


Fig.  3  Effect  of  fiber  volume  fraction  of  failure 
strength  of  unidirectional  CFRP  composite. 


(a)  Uniform  tension  (b)  Effect  of  end  constraint 

Fig. 4.  Deformation  of  specimen  where  tension  is 
applied  oblique  to  fiber  direction. 


(3)  The  covipling  and  cross-elasticity  effects  in  anisotropic  composites  generate 
conrolicated  stress  and  deformation  states.  When  the  tension  is  applied  obliquely 
to  the  fiber  direction,  the  rectangular  specimen  deforms  obliquely  or  is  crooked 
without  or  with  end  constraint,  respectively,  as  shown  in  Fig. 4. 
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•  '  j  -.vhen  a  laminate  having  di :  lirections  in  each  laver,  e.g.,  a 

symmetric  angie-piy  laminate  is  subject  to  tension,  as  shov>Ti  in  Fig, 5,  the 
complicated  three-dimensional  stresses  includinc  interlaminar  shear  stress  take 
place  near  free  edges,  Eind  the  in-plane  fracture  is  preceded  by  unexpected 
delamination. 


1.0  0 


Fig. 5.  Widthwise  stress  distribution  in  angly  ply 
laminate  under  uniaxial  tension 


4.  ITOBLEMS  IN  FLEXURAL  TESTING  METHOD 

3-point  and  4-point  flexural  tests 
have  been  widely  recommended  as  standard 
methods  by  ASTM,  ISO  and  JIS2  >  .  However, 
in  the  unidirectional  advanced  canposites 
with  extreme  anisotropy,  there  exist  lots 
of  problems  as  discussed  below* 

4 . 1  Comparison  of  Stress  Distributions  in 
the  Vicinity  of  Loading  Point  with 
Those  Derived  from  Elementary  Beam 
Theory  (E*B.T.) 

The  local  stress  distributions 
through  the  thickness  in  the  vicinity  of 
loading  point  in  S-noint  bending  are 
analysed  by  using  the  two-dimentionai  . 
anisotropic  elasticity  theory.  The  load 
by  loading  nose  with  radius,  Rl  ,is 
fiissumed  to  distribute  as  a  function  of 
[l+cos<  TT  ;if/£  )]  (2£  ;  breadth  of  loading  ) 
as  shown  in  Fig.6.^'5>  *  The  distributions 
of  following  normalized  stresses  divided 
by  the  maximum  stresses  derived  from  E.B.T 
8tre  shown  in  Fig. 6. 


Fig.  6-  Stress  distributions  in  the  vicinity  of 
loading  point  in  3-point  bending  (///*  =  4,  £//i  =  l/8). 


"(Sti/ibh® )  •  =  IP/'eBT"  •  of/ihh) 


The  elastic  constants  used  for  nunerlcal  calculation  of  unidirectional  CERP 
(V,  =60%)  are: 


T800:  Et=  139.4  GPa,  £7=  8.33  GFa,  vl-  0.32, 
T300:  Ei=  120.0  GPa,  Et=  6.00  GPa,  wl=  0.40, 


4.84  GPa 
3.00  GPa 


(1) 


(2) 
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The  maximun  axial  stress  of  cx  and  maximum  shearing  stress  ot  Tx  **  in  the 
vicinity  of  the  central  loading  point  are  much  higher  than  those  derived  by 

The  maxi  mam  values  (ax  andr  (txm  )»av  incre^e  with  decre^es  in 

ft/h*  f/h  and  radius  of  loading  nose.  R.,  in  highly  anisotropic  comppsites,  such 
^  CFRP.  And  so,  flexural  strengths  defined  by  E.B.T.  are  very  questionable. 

In  addition,  the  interlaminar  shear  strength  heis  been  usmily  detemined  by 
the  3-point  short  beam  bending  test.  Accordingly,  the  ILSS  value  defined  by 
E.B.T.  is  open  to  discussion. 

4.2  Effect  of  Large  Deflection  on  Load-Central  Deflection  Curve  and  Maximum 
Flexural  Edge  Stress 

^^e^oSineaid^^results  frcan  the  changes  of  contact  points  and  directions 
of  reaction  forces,  and  the  horizontal  thrust  in  addition  to  the  large  «.  .. 
deflection.  The  analytical  foiroulas  derived  by  the  author  and  based  on  the  tinite 
deformation  theory  are  as  follows  . 


( 1 )  Load  (P)— Central  Deflection  (5)  Relation 

3.poi..  .nd;..  [3..3.34(±)Vie..e(|y-...] 

V  11/  r— 


^  ^  ^  where  I=bh^ll2, 

4-point  bending  {N^2,  one-third  points  loading).  > 

.  m  R  8 

23P/»  23  I  I _ ri-14.38f4-y+129.6fi-y-..-] 

1,296X7-//,  36  X  72  PAVL  V//  \lJ  J 
V  23^  /  /  y 

(2)  Maximum  Flexural  Edge  Stress 

3-point  bending:  j  - j  -6y*y“/i^2-j — *|"  y ) 

75 — 5 — 77=  (tension  side) 


(3_  AixlN 
V  2  bk^  J 


4-point  bending: 


l  +  6^Tj-2-.T  3  J 


(compression  side) 
180  A  5  324  /?  0 


g.  _< 

bh-  J 


4,644/ 5  Y-_180  ^  i.  ±_  (l^±_h\ 

529  V  /  j  23  I  '  I  23  I  '  I  ^1,23  /  /  / 

:S  (tension  side) 

1  ,  4,644  /  5  V  -144  h  o 

33  /  /  I  l) 

(compression  side) 

where  u  is  the  friction  coefficient  at  the 
supporting  nose,  and  R  is  the  radius  of  nose 


In  such  modified  formulas  proposed  by  ASTW,  ISO  and  JIS^  >  i  the  eff^ts  of 
radius  of  curvature  of  noses,  R,  ^d  friction  at  noses  are  not  taken  into 
consideration.  .  ,  _  ,  ^ 

(2)Coraparison  of  experimental  and  analytical  P  yersv^  6/Jl  diagrams  > 

The  experimental  diagrams  in  unidirectional  CFEIP  specimens  are  shown  under 
various  values  of  R  in  Fig. 7 (a)  and  (b)  for  the  cases  of  3-point  am  4-point 
bendings,  respectively.  The  slopes  of  P-6  diagrams  become  steep  with  an  increase 
of  R.  The  good  agreement  can  be  seen  in  these  nonlinear  relations. 
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(1)  Effects  of  loading  modes 

1  •  j  Variations  of  Fb  in  CFRP  (T  300)  and  (T  800)  specimens  with  speui  under  three 
kinds  of  loading  methods,  that  is,  3-  and  4-point  bendings  and  pure  bending  are 
sho^  in  Fig. 8 (a)  ^d  (b),  respectively.  The  Fb  values  stained  by  3-point 
much  higher  th^  those  obtained  by  4-point  bending. 

The  fracture  crack  originates  just  beneath  tne  loading  point  under  stress 
concentration  and  then  propagates  accanpanying  the  interlaminar  shear 
delami^tion  in  both  3-  and  4 -point  bendings  as  shown  in  Photo*  1. 

values  in  3 -point  bending  are  defined  by  using  the  maximum  bending 
moment  at  the  one  central  point;  however,  in  4-point  bending,  the  maximum  bending 
^ment  extends  over  between  the  two  loading  points*  It  is  considered  that  the 
rr^ture  is  not  governed  only  by  the  local  nmiximum  stress  at  a  point,  but 
intluenced  by  ^e  oyer-ali  stress  around  the  fracture  point.  Accordingly,  4-point 
bending  will  give  the  lower  strength  from  the  viewpoint  of  probability  or 
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^^3>roiKT  REXURE  (m)  ] 


/  REXURE  (O)  j 

t2 

- ; - f - r*-o - — ; - — 

SPAH=50nBi'  \  \ 

OEREaiOM  \  a-poiKT  aEXURE  (A) 

COmROL  A^POIKI  FLEXURE  (A) 

"Ks  -jffli  j  ’  1 

HUMBER  OF  CYCLE  N 

Case  of  deflection  control 

Photo.  1.  Local  fracture  behaviors  a  „  u 

beneath  loading  point  in  Fig.  9.  Fatigue  S-N  diaframs  under  two  kinds  of 

4-point  bending  (K= 2mm)  loading  modes  and  specimen  thicknesses 


fracture,  but  the  conservative  and  useful  values  for  practical  structural  design. 
Such  an  effect  of  loading  mode  can  be  seen  also  in  the  fatigue  tests.  The  S-N 
curves  are  shown  in  Fig. 9.  The  fatigue  strengths  under  3-point  bending  Eire  higher 
than  those  under  4-point  bending  for  both  thicknesses  t=2  and  Simn. 

In  order  to  avoid  the  fractures  just  beneath  the  loading  noses  due  to  the 
stress  concentration  observed  in  3-  and  4-point  bending  methods,  a  test  fixture 
was  developed  in  my  laboratory  to  apply  the  pure  bending  moment  without  any 
loading  point  over  the  span.  The  frEicture  occurred  between  both  tabs  without 
stress  concentration .  The  almost  constant  Ft  values  of  2 . 2 . 3GPa  obtained  under 
pure  bending  are  much  higher  than  those  under  3-  and  4 -point  bendings  and  seem  to 
give  the  real  flexural  strength. 

(2)  Effects  of  span  length  and  thickness 

0  The  Fb  values  obtained  under  long  span  Jl>120mni  seem  to  be  lower  as 

seen  in  Figs. 9(a)  and  (b),  but  the  corrected  Ft  values  by  use  of  Eq.(4) 
become  nearly  constant  independently  of  span.  The  Fb  values  become  lower 
under  high  loads  in  the  short  range  of  span  as  seen  in  Fig. 8 (a).  It 
results  from  the  high  local  stress  concentration  at  loading  point. 

©  The  Fb  values  for  t=2mm  are  higher  than  those  for  t=3mm  in  the  case  of 
statical  test  as  shown  in  Fig. 8(b).  This  fact  can  be  seen  also  in  fatigue 
test  as  shown  in  Fig. 9.  The  reasons  for  it  are  considered  as  follows. 

(a)  Since  the  freu^ture  load  becomes  higher  approximately  in  proportion  to 
t2  ,  the  stress  levels  just  beneath  the  loading  point  for  thicker 
sp^imens  are  higher  than  those  for  thinner  ones. 

(b)  The  thicknesswise  stress  gradient  in  the  thinner  specimen  is  steeper 
than  in  the  thicker  one  linder  the  condition  of  constant  flexural 
stress.  Accordingly,  the  highly-stressed  region  close  to  both  surfaces 
is  narrow  and  is  sustained  by  the  lowly-stressed  region,  resulting  in 
low  probability  of  freunture. 

©  The  optimal  ratio  of  span  to  thickness  seems  to  be  about  40  in  the  case 
of  t=2^  3mm,  where  the  Fb  values  defined  by  E.B.T.  are  almost  constEint. 

(3)  Effect  of  radius  of  loading  nose 

The  experiments  were  carried  out  under  3-  aind  4-point  bendings  with  ii=80mm 
Sind  t=2mm,  that  is,  under  the  optimal  ratio  of  ft/t=40. 

The  variations  of  Fb  values  with  radius  of  loading  nose,  R.  ,  are  shown  in 
Fig.  10.  Fb  values  decrease  with  radius  of  R  less  than  5mm  in  both  cases  of  3- 
and  4-point  bendings.  It  results  from  the  fracture  just  beneath  the  loading  nose 
owing  to  the  stress  concentration.  If  the  Ft,  values  in  the  range  of  larger  R  are 
corrected  by  use  of  the  Eq.  (4),  they  become  almost  constant. 

Similarly,  in  the  S-N  curves  in  the  fatigue  tests,  the  stress  amplitude  era 
values  under  R=5mm  are  higher  than  those  under  R=2inm  as  shown  in  Fig. 11. 

(4)  Effect  of  insertion  of  film  beneath  loading  point 

As  expected  from  the  experimental  evidences  above  described,  the  experiments 
for  the  efiect  of  film  inserted  between  nose  and  specimen  were  carried  out  under 
4 -point  bending. 
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Fig.  10  Variation  of  flexural 

strength,  Ft,  with  radius 
of  loading  nose, 


Fig.  11  Effects  of  nose  radius  and  flexural 
loading  methods  on  S-N  curves 


The  flexiiral  strengths,  Fb  ,  increase  with  total  thickness,  tr  ,  as  sho\m  in 
Fig.  12.  However,  the  Fb  values  are  alniost  constant  independently  of  tf  in  the 
range  below  tf=0.05nim  where  no  effect  of  cushion  is  observed.  As  the  total 
thickness,  tf  ,  is  increased,  the  fractures  do  not  occur  at  the  loading  point  due 
to  stress  concentration,  but  occur  in  the  central  region  under  constant  bending 
moment  between  the  two  loading  points.  The  alleviation  of  stress  concentration 
due  to  film  insertion  can  be  numerically  verified  by  FEM, 

4.4  Recommendations  for  Flexural  Tests 

(1)  The  failures  in  3-  and  4-point  bending  methods  took  place  just  beneath  the 
loading  points  without  showing  the  so-called  flexural  fractures.  On  the  other 
hand,  the  fractures  under  pure  bending  moment  occur  between  both  ends  without 
stress  concentration,  giving  the  higher  real  bending  strengths  compared  with  3- 
and  4-point  bending  tests.  Accordingly  the  pure  bending  test  is  recommended  for 
advanced  composites. 

(2)  As  for  the  optimal  ratio  of  span  to  thickness  (fl./t),  it  seems  to  be  around  40 
in  3-  and  4 -point  bending  methods. 

(3)  Comparing  only  3-  and  4-point  bending  methods,  the  latter  h£is  several 
advantages  over  the  former,  that  is,  exhibits  a  region  of  uniform  bending  moment 
without  shear  under  lower  stress  concentration,  even  though  the  Fb  values  become 
lower  from  the  view  of  probability  of  fracture. 

(4)  As  for  the  radius  of  curvature  of  noses,  the  optimal  Rl  value  is  recoiiinended 
to  be  about  5mm  in  3-point  bending  and  3  to  4mm  in  4-point  bending  in  order  to 
avoid  the  stress  concentration.  The  optimal  Rs  value  is  recommended  to  be  about 
Smm  in  order  to  avoid  the  effect  of  movement  of  contact  point. 
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Fig. 12  Variations  of  flexural  strength, 
Fb ,  with  total  thickness,  tr  , 
of  various  films 


!b)  ASTM.  J[S 

Fig.  13  Tensile  specimens  proposed  for  oriented 
composites. 
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5.  PROBLEMS  IN  TENSILE  TESTING  METHODS 

Even  throvigh  there  £u:e  few  cases  vhere  the  Fl  .  fracture  governs  the  . 

structural  design,  there  are  much  problems  in  tensile  testing  methods  to  obtain 
the  Fl  values. 

5.1  Difficulties  Involved  in  Tensile  Tests 

(1)  The  probloDs  in  the  case  vhen  the  tension  is  applied  obliquely  to  the  fiber 
direction  are  discussed  in  83(3). 

(2)  The  Durabell-type  specimens  used  for  quasi -isotropic  plate  are  unde^rable 

since  most  fractures  occur  near  the  transient  portion  tetween  the  and  the 

parallel  regions  in  oriented  ccmposites,  as  e^lain^  xn  8.5U;. 

The  coupon-type  specimens  were  proposed  for  oriented  composites  as  shown  in 
Fig.  13.  but  the  fracturei^  ocur  frequently  near  the  tab  ends  or  in  the  grip©  due 
to  stress  concentration.  oasionally,  the  tabs  tear  off  especially  in  thick 

specimens  by  debonding. 

5.2  Problems  in  Tensile  Tests  by  Use  of  Ring  Specimens 

(1)  the  difficulties  described  above,  NOL  ring  specimen  as 

shown  in  Fig. 14  has  been  widely  used  to  detennine  the  tensile. strength  ot 

unidirectional  firament-wound  composites  ^  ^  •  However  i  the  considerable  tending 

moment  is  superposed  at  the  fracture  points  near  the  split  in  the 

seen  fron  the  numerical  results  in  Fig.  15 (a)'^^  .  Hence, 

strength  decreased  appreciably  wi^  an  increase  of  ring  "^ickness. 

the  race-track (RT)  type  ring  specimen  as  shown  in  Fig. 14(b)  is  considered  to  be 

effective  iT^uiij^is^s^antage,  as  seen  from  Fig.  15(b),  Tbe  adv^tage  of 

RT  ring  is  that  the  hoop  stress  is  nearly  uniform;  however,  it  is  a  trouble  to 

have  a  fabrication  device  so  as  to  have  constant  thickness  around  Kl  ring. 


(a)  NOL  Ring 
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(b)  RT  Ring  ^  ,  .  U  I 

c..  1,1  -  c  .  M  ♦  •  Fig.  lo  Distributions  of  hoop  strains  through  the 

Fig.  14  Configurations  of  tensile  ring  specimens. 

tliickness  along  ring. 

5.3  Tliicknesswise-cut  Tensile  Specimen 

In  order  to  overcome  the  above-mentioned  dis^vantages,  a  thiclmesswise-cut 
tensile  specimen  is  reccmmended  to  obtain  the  reliable  tensile  strength,  I'l • 

( 1 )  Circular  notch  .  .  ,  i .  x.  o 

The  specimen  should  be  cut  with  a  large  radius  of  curvature, 
thicknesswise  rather  than  widthwise  as  shown  in  Fig. 16,  to  reduce  the  shear 
stress . 

(2)  Stress  distributions  around  circular  notch  :  .  ^  l.*  ■  ' 

The  distributions  of  axial  stress,  cr.  and  stress,  r.  ^  obtain^ 

numerically  are  shown  in  Fig. 17  for  R<  /t=50/3  and  CFRI^TSOO).  The  distribution? 
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Fig.  Tensile  specimen  recommended  for  unidi¬ 
rectional  composite. 


Fig.  17  Stress  distributions  of  ax  and  rxy  under  tension. 


of  maximum  shearing  stress  on  the  edge^  v ,  ©  »  along  the  circular  surface  are 
shown  in  Fig.  18  for  ta/t^S.  If  the  maximum  value  of  Tr  m  .  -  ,  t*  y . ,  is  high,  the 
shear  fracture  along  fiber  will  occur.  Since  the  ratio  of  Fl t /Fl  is  0.025  to  0.05 
in  unidirectional  CFRP  as  seen  in  Fig. 3,  the  numerical  analysis  predicts  that  the 
tensile  fracture  will  be  preceded  by  the  shear  fracture  when  Rt  A  is  less  than 
25  and  te  /t  is  about  2 . 


(3)  Tensile  experimental  results 

In  order  to  verify  the  above  analytical  results,  the  static  and  fatigue 
tensile  tests  s )  were  carried  out  by  using  the  following  three  kinds  of 
unidirectional  CFRP.  That  is,  comparing  the  specimens  with  circular  notches  with 
Q  thicknesswise  j  Rt  ®  widtnwise,  Ri>  and  @  both  thicknesswise  and  widthwise,  Rt 
and  Rb  ,  the  specimen  ®  was  found  to  be  best  for  ensuring  tensile  fracture.  And 
it  is  recommended  tha€  large  ratios  of  Rt /t  and  te/t  are  desirable,  with  t0=3  to 
4nHn  and  Rt  =150  to  200Dmi. 


6.  PROBLEMS  IN  IN-PLANE  SHEAR  TESTING  METHODS 


In  advanced  fiber-reinforced  composite  structures,  the  structural  design  is 
usually  governed  by  the  freu^txxres  transverse  to  or  along  fibers.  However,  the 
important  in- plane  shear  test  methods  have  not  yet  been  authorized  to  date 
internationally.  As  the  usual  test  methods,  0  picture-frame  loading  method  and 
(?)  rail-shear  method  have  been  used.  In  JIS^>  ,  the  tensile  test  in  the  45*  - 
direction  oblique  to  fibers  is  substituted  for  the  in-plane  shear. 

6.1  Disadvantages  in  Picture-Frame  Loading  Method  and  Their  RevisionsJ«> 

( 1 )  Location  of  comer  pin 

When  a  tensile  load  is  applied  to  the  diagonal  direction  in  the  originfid 
four-link  frame  (denoted  sis  "previous  fixture")  sis  shown  in  Fig.  19(a),  the  axes 
of  rotation  at  pin- joints  do  not  coincide  with  the  comer  points  of  test  area. 
Accordingly,  the  stress  concentration  is  induced  at  the  four  comer  su'esis  sis 
pointed  out  already  and  it  results  in  a  prematiire  fracture.  Accordingly,  by 
moving  the  pins  to  the  corners  of  squsu'e  test  area,  as  shown  in  Fig.  19(d),  the 
nearly  uniform  shear  distribution  can  be  obtained  as  seen  from  Fig. 20(b). 

(2)  Split  of  pin 

Pins  are  splitted  so  sus  to  be  inserted  from  both  sides  of  specimen  without 
penetrating  the  testing  area  to  keep  it  square,  as  shown  in  Fig. 21. 

(3)  Insertion  of  plate 

The  inside  comers  of  frames  do  not  contact  with  specimen  surfaces  as  shown 
in  Fig. 21  (a).  Accordingly,  thin  plate  inserted  between  frame  and  specimen,  is 
connected  with  specimen  through  by  small  pins  around  comers  as  shown  in 
Fig. 21(b).  As  a  result,  the  more  uniform  shear  stress  distribution  can  be 
obtained  as  seen  in  Fig. 22. 
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Fig. 20  Cbnparison  of  shear  stress  distributions 
obtained  by  FEM  in  UO  speciaen 


Fig .19  Picture-fraue  fixtures 


(a)  without  inserted  plate  (b)  with  inserted  plate 
Fig.2X,  Compositions  of  revised  fixtures 


Fig.'22i  Comparison  of  principal  shear  stress 
distributions  obtained  by  FEH  in  UO 
specimen  T„-P/v'Ilt 


(4)  Effect  of  radius  of  curvature,  R,  at  specimen  comers 

It  seems  that  the  stress  concentration  will  originate  at  corner  under  small 
R;  however,  the  corner  sharpness  has  no  effect  on  stress  concentration,  because 
the  location  of  pin  coincides  with  the  comer*  That  is,  the  comers  are  allowed 
to  be  rectangular  and  it  makes  the  cutting  of  specimen  esisier* 


Table  2,  Comparison  of  moduli  and  shear  strengths  obtained  by  various 
_ kinds  of  test  methods  and  specimens  (MPa) 


shear  modulus  Gl  t 

shear  strength  F$ 

^  ^ ^ specimen 
test  method^ 

(UO)  (U90) 

(UO)  (U90) 

picture-frame 

rail  shear 

45®  off-axis  tension 

6210  ^ 

5020  4- 

3920  4210 

3820  3920 

3920 

34.3  ^ 

82.1 

48.8  61.0 

43.6  77.1 

48.3  ^ 

1 

theoretical 

5290 

-  - 
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(5)  Comparison  of  experimental  results  obtained  by  both  types  of  picture- frame 

The  shear  strengths  obtained  in  tlie  tnree  kinds  of  speo.iniens  are  cotmared  in 
Table. 2.  In  the  case  of  previous  t^'pe  of  frame  (A),  the  frac'ture  strengths  were 
lower  because  of  the  premtui*e  fracture  originating  from  corners.  ‘Jn  the  other 
hand»  in  the  case  of  revised  type  of  frame  (B),  the  higher  shear  strengths  were 
obtained  with  accompanying  lots  of  failure  cracks  along  fibers  extending  over  the 
whole  specimen  under  uniform  shear.  These  experimental  evidences  shows  the 
effectiveness  of  the  revision. 


6.2  Disaidvantages  of  Rail -Shear  Method  and  Their  Revision*  3 


{l)Stress  distributions  in  UO  specimens  and  experimental  results 

Fig. 23  shows  rail-shear  fixtures  with  specimens  whose  merits  are 
considered  to  be  simple  and  economical.  However^  as  seen  from  Fig. 24 (a)  for  UO 
specimens  where  fibers  are  arranged  in  the  tensile  direction,  the  tensile  stress 
ctt  normal  to  fibers  concentrates  at  both  edges.  Since  dr  .  is  about  one  and  a 
half  tiroes  and  Ft  is  smaller  than  Fi  r  »  it  is  clear  that  the  F;  t  fracture 

IS  preceded  by  the  Ft  fracture  at  comers. 

The  experimental  shear  strengths  of  UO  specimens  obtained  by  2-raii  shear 
method  are  compared  with  those  ,  by  other  methods  in  Table  2.  The  Ft.  values  are 
much  lower  than  those  obtained  by  the  revised  picture- frame  fixture.  Also  in  the 
3-rail  shear  method,  almost  the  same  F?  values  were  obtained. 


a 


(a)  Two-Rail  Shear 


Fig.  23,  Rail  shear  fixtures 
with  specimens 


- 7 

fl.lJ 

^  l.O 

/ 
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-  Tl  T  /Ti»»  a  n 
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^0-0.5  ..  U90 


-2-10  1  2 
CTT  /  Tin  9  a  n 
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7 

X 

0 

(Tr  /Xm  a'a  n 

(W.Ot  distribution 

Fig. 24*  shear  stress  distributions  and  contour  lines 
in  both  UO  and  U90  specimens  obtained  by  FEM 


{2)Revision  by  changing  the  fiber  direction  to  normal  to  tensile  direction 

In  or^er  to  overcome  the  Ft  fractures  at  comers  described  above.  The  U90 
specimen  v^ere  the  fibers  are  arranged  normal  to  tensile  loading  direction,  is 
reccMpmended  as  shown  in,  Fig. 24.  The  tensile  stress,  ai  at  comers  in  U90 
specimens  are  about  9ne  sixth  compared  with  in  UO  sijecimens.  Accordingly,  the  Flt 
fracture  will  occur  instead  of  the  aj  fracture.  As  seen  from  Table  2,  the  shear 
strengths  in  U90  specimens  are  much  higher  than  in  UO  specimens.  The  shear  stress 
versus  shear  strain  curves  are  shown  in  Fig .25.  In  contrast  with  UO  specimens, 
the  fracture  strains  in  U90  specimens  increase  very  much  without  showing  the 
brittle  behaviors  due  to  the  Ft  fractiore. 
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Fig.  26.  Stress  coaponents  under  tensile  stress 
in  unidirectional  speciaen 


6.3  Disadvantage  of  45“deg  off-Axis  Tensile  Test 

According  to  JIS  specif ication^  >  ,  the  tensile  test  of  co^n 
fibers  oriented  in  the  4^  direction  to  the  loading  as  shovm  in 

be  substituted  for  a  shear  test.  However i  in  this  method,  the  te^^e  stress 
coniDonent  a/2  normal  to  fibers  acts  on  the  shearing  plane  along 

1?^!  eu-am?  S  si“ 


shear  strengths  Fs  aeiinea  lor  uu-specj.ineu£>  axe 

obtained  bv  the  revised  frame  fixture,  suggesting  the  inadequacy  of 

tensile  testing  methods  to  obtain  the  fundamental  shear  properties,  especially  of 

the  unidirectional  composites. 

7.  Conclusion 

In  view  of  the  present  situation  that  the  "mechanical  test ir^ methods  for 
advanced  fiber-reinforced  composites  have  not  yet  been  established,  t 

nrfnpntal  research  work  on  fundamental  tensile,  flexural  and  plane  sh 

basing  on  the  experiments  and  tSe  numerical 

testi™, 

metho^e^°Stho?^wSSid  Tikrto^lx-press  my  sincere  thanks  to  the.  many  ^llatorators 
in  my  laboratory  for  their  assistants  in  experiments  and  mjmerical  analyses. 
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ABSTRACT 

The  effect  of  the  stress  ratio  on  the  near-threshold  growth  of  delamina¬ 
tion  fatigue  cracks  was  investigated  with  unidirectional  laminates  made  from  ICI 
APC-2  thermoplastic '  prepregs  (AS4/PEEK).  Tests  were  carried  out  under  mode  I 
opening  loading  by  using  double  cantilever  beam  specimens  with  a  special  loading 
device.  The  crack  growth  rate  under  different  stress  ratios  was  a  unique  func¬ 
tion  of  the  equivalent  stress  intensity  range  proposed  by  the  authors.  The 
fatigue  crack  growth  rate  near  the  threshold  was  mainly  controlled  by  the  stress 
range  rather  than  by  the  maximum  stress.  The  fatigue  crack  growth  resistance  of 
APC-2  laminates  was  much  higher  than  that  of  conventional  CF/epoxy  laminates 
even  near  the  threshold  region.  This  increase  of  resistance,  however,  was  smal¬ 
ler  than  that  of  fracture  toughness.  The  difference  of  the  growth  behavior  be¬ 
tween  CF/PEEK  and  CF/epoxy  laminates  was  discussed  on  the  basis  of  the  frac- 
tographic  observation  and  mechanism  consideration. 

INTRODUCTION 

The  use  of  composite  materials  in  primary  structures  offers  significant 
weight  saving  due  to  their  high  specific  strength.  Today,  structures  made  of 
carbon  fiber  reinforced  plastics  (CFRP)  have  been  applied  to  the  vertical  and 
horizontal  stabilizers  of  commercial  aircraft  such  as  Airbus  A320.  Composite 
structures  used  as  primary  structures  require  performance  reliability  based  on 
damage  tolerance.  Conventional  CFRP  laminates  made  of  brittle  epoxy  matrix  have 
very  low  interlaminar  strength,  manifested  as  a  low  threshold  of  delamination 
fatigue  crack  growth  and  a  low  static  fracture  toughness ( 1-3) .  Hence,  the  im¬ 
provement  of  delamination  strength  of  CFRP  laminates  is  of  current  interest  in 
their  structural  applications. 

Polyetheretherketone(PEEK)  is  a  new  semicrystalline  thermoplastic  matrix 
resin  which  is  expected  to  improve  significantly  the  interlaminar  strength.  The 
interlaminar  fracture  toughness  of  CF/PEEK  laminates  was  reported  to  be  3  to  4 
times  higher  than  that  of  conventional  CF/epoxy  laminates  (where  the  toughness 
is  expressed  in  terms  of  the  stress  intensity  factor) (4).  On  the  other  hand, 
very  little  is  known  about  the  effect  of  cyclic  loading  on  the  delamination 
growth  behavior  in  CF/PEEK  laminates.  Although  Prel  et  al.(5)  carried  out  mode  I 
and  mode  II  delamination  fatigue  crack  growth  tests  by  using  DCB  and  CBEN 
specimens,  they  dealt  only  with  crack  growth  at  very  high  rates.  Recently, 
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TABLE  1.  Material  and  mechanical  properties. 


Loading  direction 


Pr*pr«9 

ICI  h9C-2 

Carbon  fiber 

Hercules  AS 4 

Matrix 

XCX  PEEK 

Volune  fraction 

of  fiber 

Conatltution 

of  laminate 

Crystallinity 

34% 

Elastic  . 

Ei«134,  B3-8.9,  C, 3-5.1 

constants 

y  ,3-0.37 

Fracture  (MPam^^^) 

4.7 

toughness  (N/m) 

1700 

2 


Fig.  l.DCB  specimen  with  pins  and  Al 
blocks (dimensions  are  in  mm). 


0’Brien{6)  reported  on  the  basis  of  the  results  of  edge  delamination  tests  that 
the  delamination  onset  in  CF/PEEK  laminates  under  fatigue  loading  was  observed 
at  significantly  lower  strain  levels  than  its  delamination  onset  under  static 
loading  was. 


In  the  present  study,  the  load-shedding  condition  to  obtain  the  fatigue 
crack  growth  data  near  the  threshold  region  was  first  established.  Then,  the  ef¬ 
fects  of  the  stress  ratio  (the  mean  stress)  on  the  near-threshold  growth  of 
delamination  fatigue  cracks  were  investigated.  The  results  were  compared  with 
our  previous  results  for  CF/epoxy  laminates ( 3, 7 ) . 


EXPERIMENTAL  PRCXTEDURE 


Material  and  specimen 

The  laminates  were  made  from  prepregs  of  ICI  APC-2  (AS4/PEEK).  The 
unidirectional  laminates  ( thickness=6mm)  were  fabricated  by  ICI  Wilton.  The  con¬ 
stitution  of  laminates,  their  elastic  moduli,  and  their  fracture  toughness  for 
mode  I  delamination  are  summarized  in  TABLE  1.  The  fracture  toughness  tests  were 
carried  out  by  loading  the  specimen  which  had  a  fatigue  crack  made  at  the 
threshold  condition.  The  fracture  toughness  value  shown  in  TABLE  1  is  expressed 
by  the  propagation  value  in  the  stable  growth  region. 


Tests  of  delamination  fatigue  crack  growth  were  carried  out  under  mode  I 


opening  loading  by  using  double  can¬ 
tilever  beam  specimens  with  a  special 
loading  device.  Figure  1  shows  the 
loading  apparatus.  Crack  opening  dis¬ 
placement  on  the  load  line  was  measured 
by  an  extensometer  attached  to  the 
loading  apparatus  as  shown  in  Fig.  1. 

Fatigue  tests 

Tests  were  carried  out  with  a 
computer-controlled  fatigue  testing 
system  established  by  the  authors ( 3,7) . 
The  energy  release  rate,  G  and  the 
stress  intensity  factor,  K  were  also 
calculated  by  the  same  procedure  as 
before.  In  each  test,  the  stress  ratio, 
R,  of  the  minimum  to  the  maximum  load 
was  kept  constant  to  be  0.2  or  0.5.  A 


Fig.  2.  Relation  between  normalized 
compliance  and  maximum  load 
in  G-decreasing  test. 
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normalized  gradient  of  energy  reloabe  rate, 
(l/G)dG/da,  was  also  controlled  during  load 
shedding.  The  frequency  of  stress  cycling  was 
10  Hz.  The  testing  environment  was  air  of 
50%RH  at  23®C.  The  length  of  a  crack  was  com¬ 
puted  from  the  measurement  of  the  compliance 
of  the  specimen(7).  Slight  dependency  of  load 
on  the  compliance  was  observed.  The  com¬ 
pliance,  X#  was  expressed  by  functions  of  max¬ 


imum  load,  Pjj 
follows; 


and  crack  length,  a,  as 


(1) 


Experimental  results  showed  that  X  p  is  a 
simple  linear  function  of  P„^^  as  shown  in 
Fig,  2.  Thus,  this  equation  was  used  in  order 
to  get  accurate  crack  length  measurement  near 
the  threshold  region. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Fig.  3.  Effect  of  normalized 
gradient  of  energy 
release  rate. 


Effect  of  load  shedding  condition 

Experiments  were  first  conducted  under 
several  G-gradients  to  establish  the  testing 
condition.  Here,  G-gradient,  (l/G)dG/da,  is 
twice  as  much  as  K-gradient,  (l/K)dK/da.  The 
relation  between  the  crack  propagation  rate, 
da/dN,  and  the  energy  release  rate  range,  AG,  is  shown  in  Fig,  3,  where  AG  = 

^max  ”  ^min  ^^max  ^min  maximum  and  minimum  values  of  the  energy 

release  rate  corresponding  to  the  maximum  and  minimum  loads).  The  result  ob¬ 
tained  under  the  steepest  G-gradient  (-2.8  mm  did  not  coincide  with  the 
results  under  the  other  two  conditions.  Thus  the  allowable  limit  of  the  G- 
gradient  for  the  load  decreasing  test  of  CF/PEEK  laminate  is  -0,87  mm"^.  Since 
this  allowable  limit  is  lower  than  that  for  CF/epoxy  laminate,  the  influence  of 
plastic  deformation  near  the  crack  tip  on  crack  growth  might  be  large  for  the 
case  of  CF/PEEK  laminate  (7).  Subsequent  tests  were  conducted  at  a  G-gradient 
below  this  limit. 


Effect  of  stress  ratio 

Figure  4  shows  the  relation  between  the  crack  propagation  rate,  da/dN,  and 
the  stress  intensity  range,  AK,  under  R=0.2  and  0.5,  where  AK  = 

^^max  ^Snin  the  maximum  and  minimum  values  of  the  stress  intensity  factor 
corresponding  to  the  maximum  and  minimum  loads).  For  each  case  of  the  stress 
ratio,  da/dN  is  expressed  as  a  power  function  of  AK  in  the  region  where  da/dN  is 
larger  than  about  10  m/ cycle.  Below  this  region,  da/dN  deviates  to  the  lower 
rate,  and  there  exists  a  growth  threshold  for  fatigue  cracks.  When  compared  with 
our  previous  study  on  CF/epoxy(3),  the  downward  deviation  in  the  da/dN  vs.  AK 
relation  is  not  so  clear  near  the  threshold  region.  However,  the  slope  is  steep 
enough  to  suggest  the  existence  of  the  growth  threshold  in  practical  applica¬ 
tions.  The  exponent  of  the  power  function  and  the  R-dependence  on  da/dN  are 
smaller  than  those  for  CF/epoxy.  Crack  closure  was  not  detected  for  the  present 
tests. 


For  the  case  of  CF/epoxy  laminates,  the  growth  rate  under  different  stress 
ratios  was  fairly  well  correlated  to  AG.  Thus,  da/dN  is  plotted  against  AG  in 
Fig.  5.  The  R-dependence  is  larger  than  that  on  the  da/dN  vs.  AK  relation. 
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Fig.  4.  Relation  between 
propagation  rate 
stress  intensity 


crack  Fig.  5.  Relation 
and  rate  and 
range . 


between  crack  propagation 
energy  release  rate  range. 


roni-rollina  fracture  mechanics  oarameter  ,  i  r  i 

in  our  previous  analysis  of  TiTe  near-threshold  crack  growth ( 3 )  .  we 
proposed  the  following  equivalent  stress  intensity  range,  as  a  controlling 

parameter  for  fatigue  crack  growth  under  various  R  values; 

AKgq  =  AK(1-R)"Y  =  (2) 

where  y  indicates  a  relative  contribution  of  the  maximum  stress  to  the  cyclic 

stress  in  determining  the  crack  growth  rate,  2.0r~ - -  '  ^  ^ 

can  be  regarded  as  an  equivalent  parameter  of  AK  _  ak=^K.(1-R)’'^ 

at  R=0  to  which  the  R  dependency  of  AK  is  con-  m/cycle 

verted .  % 


In  Fig.  6,  AK  at  da/dN=10"^°  m/cycle  is  <3  . 

plotted  against  a  stress  ratio  parameter,  (1-R),  g 
in  order  to  obtain  Y  values.  The  results  of  the  c 

CF/epoxy  laminate  (T300/914)  are  also  shown  with  ^  ■  a 

the  triangle  marks  in  this  figure(3).  The  ex-  .•=  05-  / 

ponent  of  a  straight  line  fit  of  data  gives  the  Y  | 

values.  For  the  case  of  CF/PEEK  laminate,  the  Y  - 

values  is  0.36.  This  low  value  of  Y  suggests  that  |  .  r  • 

the  mechanism  of  fatigue  crack  propagation  is  55  o  APC-2  0.36 

mainly  controlled  by  the  stress  intensity  range  ^  ,  ,  , 

(AK)  like  in  metallic  materials.  On  the  other  -^2  0.5  1.0 

hand,  the  results  of  CF/epoxy  laminate  fit  to  the  Stress  ratio  parameter,  1-R 

line  at-  the  slooe  of  0.85.  This  slope  means  that 

the  contribution  of  the  iSi^ii^y  «:ra:d""" 

refsTtv’'?I^L"(AKT(JK  The  influence  of  the 


Stress  ratio  parameter,  1-R 


factor  larger  than  that  of  stress  in¬ 

tensity  range  (AK)(3).  The  influence  of  the 
stress  ratio  on  the  growth  resistance  is  com¬ 


at  da/dN=10"^°  m/cycle. 
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pletely  different  between 
CF/PEEK  and  CF/epoxy. 

Open  marks  in  Fig. 
7  shows  the  relation  be¬ 
tween  da/dN  and  AK  .  The 
influence  of  the  ^ress 
ratio  is  minimal  for  the 
whole  region.  This  means 
that  AKgq  is  the  control¬ 
ling  fracture  mechanics 
parameter  for  APC-2 
laminate. 


Comparison  %d.th  CF/epoxy 
As  mentioned  above, 
the  Y  values  in  Eq.  (2) 
are  different  between 
CF/PEEK  and  CF/epoxy 
laminates.  While  AK  of 
CF/PEEK  laminate  is  only 
1.8  times  that  of 
CF/epoxy  laminate  under 
R=0,  the  difference  in  AK 
is  much  larger  at  higher 
R  values  as  shown  in  Fig. 
6.  Figure  7  compares  the 


9  UC/ APC-2 


Fig.  7,  Relation  between  crack  propagation  rate  and 

equivalent  stress  intensity  range  for  CF/PEEK 
(APC-2)  and  CF/epoxy (91 4C)  laminates. 

relations  between  da/dN  and  AK  for 

APC-2  (CF/PEEK)  and  914C  (CF/e^xy)  TABLE  2.  Threshold  conditions  compared  with 


laminates.  The  resistance  of  the 
former  material  against  fatigue  crack 
growth  is  much  higher  than  that  of 
the  latter  material.  When  compared  at 
the  same  growth  rate,  AK^^  value  for 
APC-2  laminate  is  about  twice  as  much 
as  that  for  914C  laminate.  When  corn- 


fracture  toughness. 


pared  at  the  same  AK 


eq' 


da/dN  for 


Material 

He 

^*^eqth 

(MPam^^^) 

^^eqth^^IC 

914C 

1  .4 

0.75 

0.54 

APC-2 

4.7 

1.2 

0.25 

APC-2  laminates  is  about  4  orders  of 
magnitude  lower  than  that  for  914C  laminates.  The  exponent  of  the  power  function 
for  APC-2  laminates  reduced  to  three  fourths. 


TABLE  2  shows  the  values  of  AK^  ^j^/K^^  for  CF/epoxy  (914C,  P305)  and 
CF/PEEK  (APC-2)  where  AK^  is  the  AK^^  value  at  the  crack  growth  threshold. 
The  value  of  AK^q^j^/Kj^  for  APC-2  .  lamiriate  is  0.25  a:nd  is  much  smaller  than 
those  for  CF  epo3^  laminates.  Thus,  the  remarkable  increase  of  fracture  tough¬ 
ness,  for  APC-2  laminates  contributes  only  50%  to  the  increase  of  fatigue 
crack  growth  resistance  near  the  threshold  region.  This  fact  indicates  that  the 
contribution  of  fatigue  is  very  important  in  damage-tolerance  design.  Similar 
tendency  with  toughened  matrix  systems  in  the  high  growth  rate  region  was 
reported  by  Mall  et  al(8). 

Fractoqraphic  Observation 

Figure  8  presents  scanning  electron  micrographs  of  the  fracture  surfaces 
under  static  and  fatigue  loading.  The  arrow  indicates  the  growth  direction.  Each 
pair  of  micrographs  shows  the  fracture  surface  of  almost  the  same  place  at  dif¬ 
ferent  magnifications.  The  fracture  surface  of  static  fracture  shows  remarkable 
ductility.  Drawing  of  matrix  resin  is  dominant.  On  the  other  hand,  significantly 
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Fig.  8.  Scanning  electron  micrographs  of  fracture  surfaces 
Arrow  shows  growth  direction. 


rough  surface  without  drawing  of  matrix  was  observed  under  fatigue  loading.  This 
roughness  means  that  the  process  zone  at  the  crack  tip  is  much  larger  than  that 
for  CF/epoxy  laminatesC 3) .  Small  ductility  in  the  SEM  of  higher  magnification 
and  the  large  process  zone  suggest  that  contribution  of  cyclic  plastic  deforma¬ 
tion  is  largeO).  The  difference  of  the  fracture  surface  between  static  and 
fatigue  fracture  indicates  a  difference  in  mechanism  of  fracture.  These  facts 
agree  with  the  higher  contribution  of  cyclic  stress  on  the  fatigue  crack  growth. 
For  the  case  of  CF/epoxy  laminates,  contribution  of  maximum  load  was  high,  and 
no  significant  difference  was  observed  between  fracture  surfaces  of  fatigue 
fracture  and  of  static  fractureO). 

CONCLUSIONS 

The  crack  propagation  rate  under  different  stress  ratios  was  expressed  as 
a  unique  power  function  of  the  equivalent  stress  intensity  range  at  the  growth 
rates  above  about  10“^^  m/cycle.  Below  this  region,  there  was  a  growth 
threshold.  The  degree  of  contribution  of  the  stress  range  was  high.  Frac- 
tographic  observation  also  showed  the  difference  in  the  mechanism  of  fracture 
between  fatigue  and  static  loading. 

CF/PEEK  laminates  are  more  resistant  to  fatigue  crack  growth,  showing  a 
higher  growth  threshold,  lower  crack  growth  rates  and  a  lower  exponent  in  the 
power  relation.  On  the  other  hand,  the  ratio  of  the  the  fatigue  threshold  to  the 
fracture  toughness  in  the  CF/PEEK  laminates  decreased  in  comparison  with  the 
CF/epoxy  laminates.  This  fact  indicates  the  significance  of  fatigue  considera¬ 
tion  in  damage-tolerance  design. 
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ABSTRACT 

First  the  paper  discusses  the  conditions  to  meet  in  order  to 
develop  an  efficient  and  user-friendly  program  for  the  design  of 
composite  structures  with  micro-computers.  The  two-level  design 
concept  is  explained  :  first,  the  structural  level,  then  the 
material  one.  The  approximating  material  concept  is  presented  as  a 
tool  to  solve  the  material-level  design.  Finally,  the  finite  element 
aided  structural  design  using  fast  re-analysis  is  examined  and 
exemplified  with  a  description  of  the  main  features  and  facilities 
of  the  FEAD-LASP  program.  Appendix  1  presents  a  new  method  of 
solution  without  boundary  conditions  for  the  singular  equilibrium 
equations,  which  extends  widely  the  re-analysis  applicability  and 
speed.  Appendix  2  introduces  the  basic  formulas  defining  distance 
and  relative  deviation  concepts  for  plane  anisotropic  systems. 

GENERAL  PRESENTATION 

Introduction 

Finite  element  structural  programs  are  presently  available  for 
main-frame,  mini-  and  micro-  computers.  Many  of  them  offer 
facilities  for  composite  structures.  They  are  primarily  analysis 
tools,  which  means  they  have  to  operate  with  fixed  data.  Although 
very  efficient  in  analysis,  these  classical  finite  element  programs 
are  not  well  suited  for  design,  as  design  incorporates  more  or  less 
massively  modifications  of  the  data  in  its  process.  While  finite 
element  analyses  of  structures  might  be  currently  used  in  the  design 
process  for  isotropic  homogeneous  structures,  for  composite 
structures,  the  available  performances  of  programs  are  generally  not 
sufficient  for  design,  due  to  the  huge  amount  of  data  to  deal  with. 
General  purpose  finite  element  programs  can  be  used  directly  to 
check  the  influence  of  only  a  limited  number  of  data  parameters. 
Coupling  of  such  programs  with  optimization  methods  needs  very  large 
computing  facilities,  inducing  costs  and  times  unacceptable  for  most 
of  the  users .  Finally,  artificial  intelligence  methods  are  not  yet 
effective,  due  to  their  present  status  as  well  as  the  small  amount 
of  available  expertise  to  introduce  in  them. 
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Tentative  definition  of  aided-desian  programs 

In  our  opinion,  a  sensible  approach  should  rely  on  fast  simple 
programs  devoted  to  typical  applications.  They  could  be  used  as  an 
aid  for  preliminary  design  for  structures  or  parts  of  structures 
(afterwards  general  purpose  finite  element  programs  could  be  used  to 
assess  and  verify  the  global  solution) .  At  present,  it  seems  not 
possible  to  include  in  these  simple  programs  some  automatic 
processes  of  design,  so  the  control  of  the  iterative  design  process 
should  be  let  in  the  hand  of  the  designer.  With  these  limited  aims, 
microcomputers  appear  of  course  as  the  convenient  tool.  Recent 
developments  in  microcomputer  programming  also  permit  to  build 
programs  which  are  user-friendly  (interactive  and  self-explanatory) 
and  portable.  Finally,  there  is  a  special  interest  in  significant 
decrease  of  computational  time,  in  order  to  reduce  the  waiting  times 
for  the  user  :  only  seconds  or  a  few  minutes  are  acceptable  in  an 
interactive  package.  Special  techniques  of  computation  and 
simplifications  of  the  studied  parts  must  be  used  to  obtain  the 
required  speed  of  treatment.  The  FEAD— LASP  program  described 
hereafter  was  developed  according  to  these  views. 

The  two-level  design 

The  complete  design  problem  for  laminated  composite  structures 
is  to  determine  the  material  itself  :  natures,  thicknesses, 
orientations,  stacking  sequences  of  the  plies.  From  a  mathematical 
point  of  view,  the  optimal  design  can  be  obtained  only  by  solving 
this  problem,  using  optimization  methods.  However,  due  to  the  large 
number  of  variables,  it  is  generally  a  very  difficult  task.  On  the 
other  hand,  good  designs  can  be  obtained  in  a  much  simpler  way.  The 
principle  consists  in  splitting  the  design  problem  in  first  a 
structural  problem  with  stiffnesses  as  variables  to  determine,  then 
a  material  problem  with  laminate  parameters  as  variables. 
Practically,  the  first  level  is  the  search  of  optimal  or,  more 
simply,  improved  structural  properties.  Then,  the  second  step  should 
be  apparently  the  search  of  a  material  possessing  the  above 
structural  properties,  but  such  a  problem  may  have  no  solution,  or 
the  solution  may  be  too  hard  or  too  long  to  find.  So  the  problem 
definition  to  retain  is  an  extended  one,  which  is  the  search  of  a 
material  providing  exactly  or  approximately  the  required 
stiffnesses.  This  definition  is  made  possible  by  the  concept  of 
approximating  material,  explained  hereafter. 

Designing  materials 

The  prediction  of  the  effect  of  stacking  sequences  on  stiffness 
properties  of  laminates  generally  is  correctly  solved  by  the 
classical  laminated  plate  theory  and  its  more  sophisticated 
extensions  or  improvements.  However,  from  the  design  point  of  view, 
very  few  general  methods  or  results  are  available .  Derived  from  a 
description  of  anisotropic  properties  of  two-dimensional  systems 
using  a  method  of  complex  polar  representation,  some  new  methods  for 
design  of  laminates  with  given  stiffness  properties  have  been 
introduced  by  the  author,  in  various  papers  summarized  in  [1] . 
Further,  with  this  method,  a  way  was  introduced  to  quantify  the 
difference  between  two  anisotropic  materials,  which  allows  to  define 
the  concept  of  anisotropic  materials  nearly  equal.  From  this 
concept,  available  rules  and  methods  can  be  extended  to  the  design 
of  laminates  with  nearly  required  properties,  and  new  types  of 
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materials,  such  as  nearly  quasi-homogeneous,  nearly  orthotropic, 
nearly  isotropic  materials,  can  be  defined  and  extend  widely  the 
possible  solutions  for  design  problems. 

TBK  FEAD-LASP  PROGRAM 

General  Description  of  FEAD-LASP 

The  program  FEAD-LASP  (Finite  Element  Aided  Design  for 
Laminated  and  Sandwich  Plates)  was  developed  to  give  very  fast 
analyses  in  order  to  ma)ce  possible  the  design  process  of  a  structure 
through  re-analyses  under  slightly  modified  conditions  (loads, 
boundary  conditions,  materials  properties) .  Speed  in  the  analysis 
has  been  obtained  by  simplification  of  the  analysed  structure  and 
limitations  in  its  generality,  improvements  in  the  numerical  methods 
used,  selection  of  easy-to-use  and  efficient  computers  or  micro¬ 
computers,  use  of  user-friendly  techniques.  It  is  presently  limited 
to  the  analysis  and  design  of  laminated  and  sandwich  rectangular 
plates  in  linear  elasticity.  FEAD-LASP  is  structured  with  three  main 
levels  :  i)  a  fully  interactive  data  input  module,  ii)  a  fast  finite 
element  analysis  module,  and  iii)  an  interactive  re— analysis  module. 
A  more  detailed  presentation  can  be  found  in  [2] . 

Tnt tractive  Data  Input 

The  data  input  part  was  developed  to  be  very  easy  to  use  and 
self  explanatory,  based  on  Macintosh— li)ce  interface  techniques 
(using  mouse,  windows,  pull-down  menus  for  data  input,  verification 
and  modification)  .  The  materials  properties  can  ta)ce  into  account 
the  characteristics  of  general  laminated  and  sandwich  plates 
(extended  laminated  plate  theory,  including  in— plane,  bending, 
bending— membrane  coupling  and  transverse  shear  stiffnesses) .  However 
the  geometry  is  limited  to  rectangular  panels,  which  nevertheless 
covers  a  wide  domain  of  practical  needs.  Finally,  boundary 
conditions  are  given  by  specifying  zero  or  prescribed  displacements 
at  nodes .  Loads  are  not  input  at  this  level  but  in  the  re-analysis 
module . 

Fast  Finite  Element  Analysis  _  _  _ 

This  module  was  developed  from  parts  of  a  classical  finite 
element  program  for  plates  in  bending  and  in— plane  deformation,  with 
a  16-node  thic)c  plate  element  with  transverse  shear,  in  which  the 
materials  properties  of  the  laminate  or  sandwich  are  input  using  an 
equivalent  material.  However,  pre-defined  regular  meshes  are  used 
and  a  faster  method  for  the  formation  and  assembly  of  the  stiffness 
matrices  of  the  elements  was  derived  and  tested,  using  precompu¬ 
tation  and  storage  of  dimensionless  parts  of  the  stiffness  matrix. 
This  reduces  the  corresponding  time  very  significantly, 

Re-analvsis  Process  ,  .  .  . 

At  present,  the  program  incorporate  efficient  re-analysis  raci 
lities  only  for  loading.  The  process  is  the  following  :  first,  25 
loading  cases  are  solved  simultaneously  from  the  beginning  (these 
cases  correspond  to  concentrated  normal  unit  force  at  each  corner 
node  of  the  elements) .  Any  practical  loading  can  be  described  as  a 
linear  combination  of  these  25  basic  cases.  For  each  loading,  the 
data  input  process  provides  the  25  load  coefficients  and  the  solu¬ 
tion  is  obtained  by  the  same  linear  combination  of  the  25  basic 
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cases .  This  combination  is  almost  instantaneous  and  the  process  can 
be  re-applied  by  the  designer  as  many  times  as  required.  Also,  some 
current  load  cases,  such  as  uniform  pressure,  gravity  load,  linear 
load,  are  pre-defined. 

Computer  Implementation 

The  program  is  written  in  Fortran  77  and  operates  on  Apple 
Macintosh  II  microcomputers.  Versions  for  IBM-PC/AT  or  compatible 
microcomputers  and  low  cost  work-stations  (Apollo  DN-3000  &  DN-4000) 
are  in  development.  To  run  the  program  satisfactorily,  it  is  neces¬ 
sary  to  have  a  graphic  display  and  an  arithmetic  coprocessor.  The 
minimal  required  configuration  for  storage  capacity  is  10  Mbytes 
hard  disc  drive  and  640  Kbytes  of  RAM  memory.  However  a  20  Mbytes 
hard  disc  drive  is  recommended. 

Developments  in  Progress 

The  implementation  of  automatic  re-analysis  for  both  loadings 
and  displacement  boundary  conditions  is  currently  developed.  Though 
increasing  somewhat  the  first  analysis  phase,  it  will  improve  the 
power  and  the  speed  of  re-analysis.  This  method  of  re-analysis  for 
displacement  boundary  conditions  is  based  on  the  principle  presented 
in  the  following  Appendix  for  solving  the  singular  linear  equations 
of  equilibrium  for  structures  without  prescribed  displacements. 
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literature  and  detailed  lists  of  references . 

APPENDIX  1  -  SOLVING  STRUCTURAL  EQUILIBRIUM  WITHOUT  BOUNDARY 

CONDITIONS 

Taking  advantage  of  the  fact  that  the  rigid  body  motions  are 
the  singularities  of  the  equilibrium  system  of  discrete  elastic 
structures,  this  system  can  be  solved  prior  to  assigning  the 
displacement  boundary  conditions.  With  this  method,  the  re-analyses 
under  various  boundary  conditions  are  made  easier.  This  can  be 
applied  to  aided  design,  which  requires  fast  re— analysis  processes 
for  full  efficiency.  The  theoretical  principle  is  outlined  herafter. 
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The  equilibrium  system  for  discrete  elastic  structures 


(A-1) 


JC  u  -  f 


is  singular  and  the  eigenvectors  for  the  zero 

symmetrical  positive  stiffness  matrix  are  the  r  rigid  body  motions. 
ll  the  classical  solving  process,  this  system 

prescribed  displacement  boundary  conditions,  which  results  in  a 
regular  system.  Whereas  it  is  then  possible  to 

rlaht-hand-side  loads,  this  process  does  not  permit  to  change  the 
displacement  boundary  conditions  without 

system.  The  present  method  introduces  a  universal  regularization, 
not  dependent  on  particular  boundary  conditions. 

Let  Jl  be  the  n  x  r  matrix,  the  columns  of  which  are  the 
orthonormal  eigenvectors  for  the  zero  eigenvalue  : 

(A-2)  K  R  •  0. 

The  condition  for  the  system  (A-1)  to  have  solutions  is  ; 


(A-3) 


j»r  f  »  0 


which  assesses  the  static  equilibrium  of  the  forces  f.  The 
regularized  matrix  Ka  is  defined  as  . 


(A-4) 


K  +  a  R  R^ . 


which  has  the  same  eigenvectors  as  JC  and_  R  R^,  with  a  as 
for  the  R  eigenvectors.  Consequently,  this  matrix  is  regu 
non-zero  a,  and  the  system 


(A-5) 


JCa  V  »  f 


can  be  solved.lt  can  be  shown  that  its  solution  is  a  particular 
so^utLrtrsystem  (A-1) ,  from  which  it  is  possible  to  express  the 

general  solution  as  : 


(A-6) 


u  =  Ka~^  £  +  Rw 


in  which  w  is  a  r-parameter  vector  defining  the  actual  rigid  body 
motion , 

This  completes  the  solution  for  statically  determinate 

Further  analysis  is  required  for  statically  .  ^ 

indeterminate  structures,  as  the  determinations  of  the  load  vector  f 
and  the  rigid  body  motion  vector  w  are  required,  prior  to 
®A-6)Thf process  is  described  in  [3],  together  with  details  on  the 

method . 

appendix  2  -  DISTANCE  CONCEPT  IN  ANISOTROPY 

’‘"''"'ThfJoiS^notation  for  an  alasticity  type  2-“  ' 

tensor  T  is  introduced  by  the  following  relations  between  the 
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cartesian  components  and  the  polar  components  Tq  f  ,  Rq  r  Ri  /  qo 
and  qi  : 

'^xxxx  ~  *^0 

'^xxxy  ^ 

"^xxyy  ”  ~  Tq 

"^xyxy  “  *^0 

Txyyy  = 

Tyyyy  -  Tq 

Norms 

The  polar  notation  naturally  induces  a  norm  concept  for 
tensors.  As  example,  from  the  four  polar  components  of  an  elasticity 
type  2-D  fourth  order  tensor  T,  we  define  a  norm  N(  T  ),  invariant 
under  changes  of  the  frame  of  reference,  equal  to  the  square  root  of 
the  weighted  sum  of  the  squares  of  the  norms  of  these  four  polar 
components  (the  weights  are  related  to  the  representation  of  general 
fourth  rank  tensors)  : 

{N(  T  )}^  =  (Tq)^  +  2(Ti)^  + 

Distances 

These  mathematical  concepts  of  norms  help  to  quantify  the 
difference  between  two  anisotropic  materials.  This  is  done  through 
the  definition  of  distances  between  tensorial  properties  of  two 
materials . 

For  elasticity  type  2-D  fourth  order  tensors  T'  and  T”,  the 
distance  between  two  materials  is  defined  as  the  norm  N(  T’  -  T**  ) 
of  the  difference  tensor  T*  -  T” , 

Obviously,  when  N(  T"  -  T*  )  is  equal  to  zero,  then  the  two 
tensors  T*  and  T"  are  identical,  which  means  that  the  two  materials 
are  identical  from  the  point  of  view  of  the  property  described  by 
these  tensors. 

Relative  deviatioii 

As  the  distances  are  obviously  dependant  on  the  system  of  units 
in  use,  it  is  usefull  to  further  introduce  the  relative  deviation 
between  two  materials,  as  the  ratio  of  the  distance  to  the  norm  of 
one  of  the  tensors  : 

D(  T*  ,  T"  )  -  N(  T”  -  T'  )  /  N(  T*  ) 

These  non-dimensional  quantities  are  well  suited  to  quantify 
the  difference  between  the  two  materials.  Specially,  if  these 
deviations  are  less  than  a  small  quantity  (.01  or  ,001  for 
instance),  the  difference  between  the  tensors  is  small  and  we 
designate  such  materials  as  nearly  equal  materials  for  the 
corresponding  physical  property. 
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Notch  Sensitivity  of  Araraid  Unidirectional 
Composites 

S.Bandoh  *  ,  M.Ohno*’ 

•Helicopter  Engineering  Dep. ,  Aerospace  Engineering  Division, 
Kawasaki  Heavy  Industries,  Gifu  504,  Japan 

••  Materials  &  Process  Engineering  Section,  Engineering  Department, 
Kawaju  Gifu  Engineering,  Gifu  504,  Japan 


ABSTRACT 

In  the  case  of  the  fatigue  strength  of  the  aramid  unidirectional  composit, 
high  notch  sensitivity  was  found  out. 

On  the  contrary,  the  static  and  fatigue  strength  of  the  glass  composites  and 
the  static  strength  of  the  aramid  composites  has  no  or  less  notch  sensitivity. 

By  3  dimensional  FEM  analysis  combined  with  the  tensile  and  interlaminar  shear 
fatigue  test  results,  this  phenomenon  can  be  will  explained. 

INTRODUCTION 

In  general,  unidirectional  composites  are  believed  to  have  a  low  notch 
sensitivity  and  used  for  helicopter  rotor  system. 

In  order  to  design  a  light  weight  rotor  by  using  aramid  fiber, we  conducted 
the  tensile  fatigue  test  of  notched  and  unnotched  coupon  test  specimens, 
which  consist  of  20  ply  laminates  and  ply  orientaion  was  [(  ±45'"  )/  0“  e/ 

(  ±45“  )]s. 

We  found  out  the  very  high  notch  sensitivity  (Fig.l)  and  fiber  failure  mode 
along  the  transverse  direction  at  high  cycle  region  (Fig. 2)  in  aramid 
composites. 

But,  in  the  case  of  glass  composites,  we  found  out  the  low  notch  sensitivity 
(Fig. 3)  and  shear  failure  mode  along  0“  direction  (Fig. 4). 

To  understand  these  phenomenon,  we  have  conducted  the  tensile  fatigue  test 
and  the  short  beam  shear  fatigue  test  by  unidirectional  coupon  specimen,  and 
also  analyzed  the  stress  distribution  by  3D-FEM  around  the  hole  of  the 
notched  specimen. 

As  the  results  of  these  analysis,  in  the  case  of  glass  composites,  we  found  out 
that  the  shear  failure  is  likely  to  occur  near  the  hole  and  the  stress 
concentration  will  disappear  (  Fig. 5  ). 

But  on  the  contrary,  tensile  failure  is  likely  to  occur  in  aramid  composites 
(Fig.  6). 

As  shown  in  Fig. 8,  actual  notch  effects  of  aramid  composites  were  complicated. 
From  the  static  strength  to  10"  cycle  region  fatigue  strength,  the  strength  was 
nearly  equal  to  the  estimated  value  of  the  Point  Stress  Criteria  (Fig. 7  ) , 

But  in  high  cycle  region,  fatigue  strength  reached  to  the  estimated  strengh 
based  on  Peak  Stress  Criteria. 
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ALAMID  COMPOSITE  FAILURE  MODE  ;  SHEAR  STRL.'^GTH  IS  STRONGER  THAN 
THE  FIBER  STRENGTH,  THEN  THE  FIBER  FAILURE  LIKELY  TO  OCCUR. 


PEAK  STRESS  CRITERIA 
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Fig. 8  Comparison  between  the  estimated  strength 

and  the  test  data  of  notched  aramid  composite 


maximum  stress 


(MPa)  tensile  fatigue  (R^^O.!) 


NOTCH 

EFFECT 


10^  10^  10^  10^ 
cycles  to  failure 

Fig.l  Tensile  fatigue  test  results 
of  aramid  fiber  composite 
exsibites  high  notch  sensitivity 


Fig. 2  Failure  mode  of  notched  aramid 
specimen  (fiber  failure) 
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maximum  stress 


tensile  f atigue(Rs=0. 1 ) 


cycles  to  failure 


Fig.  3  Tensile  fatigue  test  result 

of  glass  fiber  composite  shows 
low  notch  sensitivity 


■■f  "'I 


Fig. 4  Failure  mode  of  notched  glass 
specimen  (shear  failure) 
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A  DAMAGE  STATISTICAL  MICROMECHANICS 
MODELIZATION  TO  A  DISCONTINUOUS  REINFORCEMENT 
COMPOSITE  ALUMINUM-CARBON. 

Ph,  Breban,  D.  Baptiste,  D.  Francois 


Laboratoire  de  M6canique  des  Sols  Structures  et  Mat^riaux, 
CNRS  -  URA  850 

Ecole  Centrale  Paris,  Gde  Voie  des  Vignes, 

92295  Chatenay  Malabry  CEDEX,  FRANCE 


Abstract  -  A  new  solid  phase  coexuusion  process  to  manufacture  metal  matrix  composites  has  been 
developed.  As  part  of  this  study,  the  influence  of  following  parameters  on  the  behavior  and  damage 
mechanisms  of  the  composite  was  investigated  :  aspect  ratio  of  the  fibers,  orientation  of  reinforcement 
and  local  concentration  distribution.  This  has  been  achieved  through  an  equivalent  inclusion  analytical 
approach  based  on  a  micro-macro  modelization.  The  prediction  of  the  elastic  constants,  the  coefficients  of 
thermal  expansion  and  the  yield  criterion  can  be  determined  from  the  microstructure.  Finite  element 
calculations  complete  this  model  by  computing  a  three  phase  basic  cell.  The  influence  of  the  distribution 
of  fibers  on  the  development  of  locd  plasticity  has  been  demonstrated.  It  appears  that  the  configuration  of 
fibers  side  by  side  has  a  dramatic  effect  on  the  propagation  of  damage  which  occurs  at  the  fiber  tip.  An 
analytical  criterion  for  damage  initiation  has  also  been  suggested.  These  results  are  comf^ed  with  in  situ 
tensile  tests  performed  inside  a  scanning  election  microscq)e,where  every  stages  of  the  failure  mechanism 
can  be  observed. 


NOMENCLATURE 

Z  =  macro-stress  field  applied  to  the  elementary  representative  volume  (ER  V) 

E  =  macro-strain  field  in  the  composite  corresponding  to  Z 
a  =  disturbed  stress  field 

D  =  total  volume  of  the  ERV 
<  >Y  =  average  quantity  over  the  volume  V 
~  elastic  characteristics  of  the  matrix 
Cf  =  elastic  characteristics  of  the  fiber 
Eq  =  strain  field  related  to  Z 

1  =  strain  field  related  to  the  average  value  of  a  over  the  matrix  volume 

e*  =  eigenstrain  in  Eshelby’s  theory 

1/d  =  length  to  diameter  ratio  of  the  fibers 

INTRODUCTION 

Most  of  discontinuous  metal  matrix  composites  (DMMC)  studied  at  the 
moment  are  manufactured  by  three  main  technologies  [1]: 

-  Squeeze-  casting 

-  Compo-casting 

-  Powder  metallurgy 

But  the  relatively  high  cost  of  these  processes  restricts  the  field  of  their 
application.  To  prevent  this  limitation,  we  have  improved  a  solid  phase  coextrusion 
process  in  order  to  obtain  in  a  single  operation  a  discontinuous  fibers  composite.  This 
technology  has  been  developed  with  an  aluminum  matrix  reinforced  by  T300  graphite 

fibers  (diameter,  7p.m).  When  increasing  the  rate  of  reinforcement  (15  to  30%  in 
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volume),  some  difficulties  were  noticed  to  impregnate  the  tows  of  fibers.  One  solution  is 
propos^  which  consists  in  the  infiltration  of  5  to  10  mm  long  fibers  with  a  technology 
near  to  the  one  of  powder  metallurgy.  The  final  product  presents  bundles  of  fibers  well 
infiltrated  by  the  matrix,  but  not  evenly  distributed  in  the  aluminum.  The  mechanical 
properties  are  subsequendy  improved  compared  to  the  matrix.  The  longitudinal  Young's 
modulus  is  25%  higher,  and  the  strength  to  failure  is  two  times  more  important. 

In  order  to  better  improve  the  mechanical  properties  by  controlling  the 
manufacturing  parameters,  the  influence  of  the  microstructure  has  been  evaluated  through 
an  analytical  modelization.  The  major  drawback  of  this  approach  is  that  it  does  not  take 
into  account  the  thermoelastoplastic  behavior  of  the  matrix.  Finite  element  calculations 
were  developed  on  different  three  phases  basic  cells  to  complete  the  model  and  better 
understand  the  appearance  and  evolution  of  damage  related  to  the  local  geometrical 
distribution  of  fibers.  The  poor  effect  of  fibers  side  by  side  has  been  displayed.  A 
damage  initiation  criterion  based  on  physical  observations  has  been  suggested  through 
the  comparision  of  residual  stresses  and  the  local  stress  field  around  the  fiber  when 
loading  die  composite. 

The  achieved  results  were  compared  with  in  situ  tensile  tests  performed  in  the 
SEM.  A  good  agreement  between  calculations  and  experiments  is  noticed. 


MICROSTRUCTURE  OF  THE  COMPOSITE 

The  material  selected  for  the  experiments  is  a  1050A1  (A5)  -  20vol.%  T3(X) 
carbon  fibers  reinforced  metal-matrix  composite.  It  was  extruded  at  low  speed  and  high 
temperature  according  to  the  developed  process.  The  final  product  is  a  plate  of 
rectangular  section  (40  x  Imitfi)  The  material  presents  a  good  impregnation  of  fibers 
even  in  the  middle  of  bundles  (figure  1).  The  aspect  ratio  of  fibers  (length  divided  by 
diameter)  is  relatively  small,  about  5  in  average.  This  parameter  can  be  relat^  to  the 
geometry  of  the  flow  in  the  die,  and  it  appears  here  not  to  have  been  optimized.  An 
important  heterogeneity  of  local  volume  fraction  can  also  be  noticed  with  some  areas 
almost  free  of  reinforcement  and  others  with  more  than  5()vol.%.  The  last  important  point 
to  be  remarked  is  the  large  distribution  of  orientation  of  the  fibers  compared  with  the 
extmsion  axis  (vertical  on  fig.  1).  This  disorientation  occurred  principally  in  the  plane  of 
the  plate.  Thus  tensile  properties  of  the  composite  are  not  optimal  in  the  extrusion 
direction,  but  are  improved  perpendicularly. 


ANALYTICAL  MODELIZATION  OF  THE  COMPOSITE  BEHAVIOR 

The  important  anisotropy  of  carbon  fibers  requires  a  three  dimensional 
approach  taking  into  account  all  the  coefficients  of  the  stiffness  matrix.  An  equivalent 
inclusion  method  based  on  Eshelby's  theory  [2]  has  been  chosen.  Among  different 
models  inspired  by  the  self  consistent  scheme,  "TANAKA  and  MORI's  model,  presented 
by  TAYA  [3]  in  the  case  of  metal  matrix  composites,  appears  to  give  an  explicit  and 
relatively  simple  solution  to  the  modelization  of  discontinuous  metal  matrix  composites. 
It  had  been  tested  previously  on  a  2124Al-25vol.%  SiCw  composite  with  a  good 
agreement  with  experiments.  An  attempt  is  made  to  clarify  and  gener^ze  this  approach  in 
term  of  a  micro-macro  relationship. 
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Fig.  1.  Distribution  of  fibers  in  the  studied  composite. 


The  macro  scale  corresponds  to  the  elementary  volume  representative  of  the 
structure.  This  volume  includes  all  microstructural  parameters  such  as  distribution  of 
fiber  length,  disorientation  of  the  reinforcement  and  local  heterogeneity  of  volume 

fraction.  The  cell  is  submitted  to  an  uniform  macro-stress  L.  The  presence  of  numerous 
fibers  disturbs  locally  the  uniform  stress  field.  Thus  the  total  stress  field  at  any  point  of 
the  space  can  be  decomposed  into  the  uniform  and  disturbed  stress  fields  (a).  These  two 
stresses  can  be  associated  to  strain  fields  through  the  stiffness  tensor  of  the  matrix  (we 
assume  that  the  properties  of  the  aluminum  in  the  matrix  are  the  same  as  the  control 
metal) : 


where  <  >ij.n  denotes  the  average  quantity  over  the  matrix  volume  OD  total 


volume,  £2  fiber  volume).  The  evaluation  of  a  requires  to  write  the  behavior  of  a  single 
fiber  surrounded  with  the  others.  Let  us  introduce  at  the  micro  scale  a  short  fiber 
characterized  by  its  stiffness,  aspect  ratio  and  orientation  in  a  small  volume  of  matrix. 
The  constitutive  equation  completed  with  the  equivalent  inclusion  theory  provides  a 
relation  of  localization  where  e*  represents  the  eigenstrain. 

e*=  Q(l/d,0,{p,C„,Cf)(Eo+E) 

Q  is  the  localization  tensor  which  only  depends  on  the  characteristic 
parameters  of  this  fiber  and  of  the  matrix. 

The  homogeneization  consists  in  writing  that  the  disturbed  stress  field 
vanishes  in  average  over  the  entire  volume  of  the  composite. 

J|  adV+  I  odV  =  0 

DA  Jq 

The  problem  can  then  be  solved.  The  total  strain  field  E  associated  to  the 
uniform  stress  field  E  is  determined 

e*dV 


E  =  Eo  + 


The  linear  relation  between  L  and  E  gives  the  stiffness  matrix  of  the  composite. 
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RESULTS 

Effect  of  fiber  aspect  ratio 

In  the  particular  case  where  all  fibers  are  well  oriented  and  identical,  the 
previous  equations  become  very  simple.  This  formulation  is  first  used  to  predict  the 
effect  of  variable  aspect  ratio  on  longitudinal  and  transverse  Young’s  modulus  for 
different  composites.  Figure  2  presents  the  curves  obtained  for  a  2124Al-20vol.%  SiCw 
composite  (2-a),  a  2024Al-20vol.%  C  composite  (2-b)  and  the  studied  material  (2-c). 
The  difference  of  reinforcement  between  an  isotropic  fiber  (SiC)  and  a  greatly  anisotropic 
one  (Carbon  -  [4])  is  shown  on  the  first  two  diagrams.  An  important  point  to  be  noticed 
is  the  saturation  of  the  curve  for  a  lower  threshold  in  the  case  of  carbon  fibers.  Beyond 
an  aspect  ratio  of  15  no  significant  increase  of  the  elastic  propertes  has  to  be  expected. 
The  very  low  transverse  modulus  of  T300  carbon  fibers  has  an  important  impact  on  the 
longitudinal  modulus  of  the  composite.  The  two  last  diagrams  compare  two  different 
matrix  with  no  important  differences.  The  influence  of  the  properties  of  fibers  appears  to 
be  predominant  on  the  elastic  characteristics  of  the  composite. 
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Fig,  2.  The  variation  of  longitudinal  anc 
transverse  Young's  moduli  calculated  by 
the  analytical  modelization,  with  the  aspect 
ratio  of  fibers  for  diff^eni  composites : 

(a)  2124Al-20vol.%  SiCw  composite, 
2024Al-20vol.%  Gr  composite  and 
(c)  1050Al-16vol.%  Gr  composite. 
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Effect  of  fibers  disorientation 

Other  developments  of  the  same  formulation  can  be  made,  such  as  the  effect 
of  scattered  fiber  aspect  ratio  [5],  but  the  most  important  microstructural  parairieter  is  the 
disorientation  of  fibers.  TAYA  and  al.[6]  have  studied  the  effect  of  a  distribution  of 
orientation  on  the  longitudinal  Young's  modulus.  The  developed  formalism  allows  the 
same  study  on  all  the  coefficients  of  the  stiffness  matrix.  We  represent  on  figure  3  the 
evolution  of  the  longitudinal  and  transverse  modulus  with  different  distribution  for  the 
studied  composite.  In  our  case,  the  disorientation  occurs  symmetrically  in  the  plane  of  the 
plate  so  that  we  only  consider  one  angle  of  disorientation.  The  results  show  that  this 
parameter  cannot  be  neglected,  excepted  for  narrow  angle  distributions  (less  than  20°  of 
disorientation).  The  diagram  of  figure  4  presents  the  half  of  a  theoretical  distribution 
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which  gives  the  same  results  as  experimental  measurements.  The  left  side  corresponds  to 
the  well  oriented  fibers  owing  to  the  extrusion  process,  when  the  uniform  part  represents 
the  randomly  oriented  fibers  prior  to  manufacturing.  Thus,  a  criterion  to  measure  the 
efficiency  of  the  extrusion  process  has  been  pointed  out,  taking  into  account  that  an 
efficient  extrusion  has  to  mb  the  uniform  part 


Fig.  3.  The  variation  of  longitudinal  and  transverse  Young's  moduli  of  the  studied 
composite,  calculated  by  the  analytical  modelization,  with  a  characteristic  parameter  of  the  narrowness  of 
the  fiber  angle  distribution.  Different  distributions  representing  the  fiber  fraction  with  a  given 
disorientation  are  presented. 


Effect  of  local  volume  fraction 


The  last  microstmctural  parameter  to  be  modelize  is  the  effect  of  a  local 
volume  fraction  distribution.  This  has  been  achieved  through  the  introduction  at  the 

micro-scale  of  a  term  of  short  range  interaction  between  the  fibers  (5*).  5*  corresponds 
to  the  difference  between  the  eigenstrains  calculated  with  the  local  volume  fraction  and 
the  average  one. 

5*  =  e*(fi)-e*(f) 


I 


o 


Disorientation  angle  (in  degrees) 


Fig.  4.  The  half  of  a  theoretical  fiber  angle 
distribution  which  gives  the  same  results  as  the 
experimental  tests. 


figure  5  shows  the  evolution  of  longitudinal  and  transverse  moduli  with  the 
main  volume  fraction,  for  a  given  distribution.  All  the  points  correspond  to  the  same 
average  fiber  rate.  The  longitudinal  modulus  exhibits  a  small  decrease  when  increasing 
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obtained  for  the  2124Al-20vol.%  SiC^  are  in  good  agreement  with  measurements  made 
by  CHAMBOLLE  [9]  with  an  average  aspect  ratio  of  the  wiskers  of  5.  For  longer  fibers, 
this  model  seems  to  overestimate  the  axial  flow  stress,  mainly  because  it  neglects  the 
initiation  of  local  plasticity  around  the  fibers  due  to  residual  stresses.  The  very  small 
incidence  of  the  aspect  ratio  on  the  transverse  properties  can  be  noticed.  The  two  last 
diagrams  display  the  influence  of  the  matrix  alloy  which  is  much  more  important  in  this 
case.  Figure  7  presents  the  influence  of  thermal  residual  stresses  on  the  yield  criterion. 
We  can  verify  that  the  matrix  is  initially  in  tension  at  least  in  the  fiber  axis.  The  important 
coupling  between  longitudinal  and  transverse  directions  explains  the  behavior 
perpendicularly  to  the  fibers. 
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Fig.  6.  The  variation  of  longitudinal  ant 
transverse  yield  stresses  calculated  by  the 
analytical  modelization,  with  the  aspect  ratio  of 
fibers  for  different  composites  : 

(a)  2124AI-20vol.%  SiCw  composite, 
2024Al-20vol.%  Gr  composite, 

(c)  1050Al-16vol.%  Gr  composite. 
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Fig.  7.  Influence  of  the  residual 
stresses  on  the  yield  surface  of  a 
2024Al-20%vol.  Gr  composite. 
(Aspect  ratio  of  fibers  1/d  =  10). 


B  without  residual  stresses 
♦  with  residual  stresses 


Stress  perpendicular  to  the  fibers  (MPa) 
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the  fiber  volume  traction  in  the  bundles.  The  effect  on  the  transverse  one  appears  to  be 
neglectible.  Nevertheless  this  parameter  is  less  important  than  the  disorientadon  of  fibers. 

Extensions  of  the  modelization 

An  extension  of  the  modelization  was  carried  out  by  TAYA  and  al.  [7]  to 
calculate  the  coefficients  of  thermal  expansion  (CTE).  The  previous  generalized 
formulation  is  also  extended  to  thermal  loadings.  The  evolution  of  the  CTE  in  the 
longitudinal  and  transverse  directions  with  the  volume  fraction  of  fibers  for  two  different 
aspect  ratios  has  been  calculated.  In  the  particular  case  of  carbon  fibers,  the  increase  of 
transverse  thermal  expansion  for  composites  with  25vol.  %  of  fibers  is  noticeable.  The 
value  exceeds  the  CTE  of  the  matrix  and  can  set  a  problem  for  an  application  requiring 
dimensional  stability.  The  influence  of  the  fiber  aspect  ratio  is  negligible.  Thermal 
residual  stresses  have  also  been  calculated.  This  model  gives  no  influence  of  this  stress 
field  on  the  elastic  constants  but  displays  a  translation  of  the  threshold  surfaces. 
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Fig.  5.  The  variation  of  the  longitudinal  and  transverse  Young’s  moduli  with  a  disuibution 
of  local  volume  fraction.  Each  case  corresponds  to  the  same  average  volume  fraction  (20%). 

The  last  extension  to  be  presented  here  is  the  calculation  of  the  Hill  criterion 
for  plasticity.  The  experiments  on  DMMC  have  shown  that  strain  localization  involving 
local  plasticity  appears  at  very  small  stresses  near  fiber  tips  without  generating  a  macro 
plasticity.  So  a  yield  criterion  has  to  take  into  account  the  average  stress  over  the  inatrix 
volume.  An  attempt  was  made  by  W.  J.  CLEGG  [8]  to  modelize  the  tensile  behavior  of 
particle  reinforced  MMC  with  a  similar  approach,  using  a  Tresca  criterion  for  the  mat^ 
and  involving  elastic  residual  stresses.  The  aluminum  is  supposed  here  to  plastify 

according  to  a  Mises  criterion.  When  the  stress  2><o>d.q  reaches  the  flow  limit,  the  Hill 
criterion  is  assumed  to  be  verified  by  the  composite.  Yield  stresses  in  longitucfinal  and 
transverse  directions  for  the  same  three  different  composites  as  previously  described,  are 
presented  figure  6.  The  shspe  of  the  curves  is  identical  to  the  evolution  of  the  Young's 
moduli,  wiA  the  same  saturation  for  a  threshold  value  of  the  aspect  ratio.  Results 
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APPROACH  TO  DAMAGE  MODELIZATION 
Experimental  observations 

In  situ  tensile  tests  on  micro-samples  have  been  performed  in  a  SEM,  in 
order  to  identify  the  physical  parameters  of  damage.  The  sample  was  chosen  for  its  large 
distribution  of  local  volume  f^tion,  at  least  at  the  surface.  The  different  steps  of  damage 
can  be  listed : 

+  strain  localization  in  the  bundles  of  fibers, 

+  cavity  nucleation  at  the  fiber  tips, 

+  cavity  growth  and  coalescence, 

+  crack  propagation  with  a  plastic  area  in  front  of  the  crack  tip. 

We  measured  the  load  during  the  test  which  allows  us  to  correlate  the 
observations  to  the  macro-tensile  behavior  (figure  8).  Cavity  nucleation  just  begins  when 
the  stress  reached  the  macro-yield  stress  of  the  composite. 


Fig.  8.  The  different  steps  ol 
damage  prq)agation  correlated 
to  the  macro  behavior  of  the 
studied  composite. 


0,2%  strain 


Analytical  approach 

We  are  able  to  calculate  the  residual  stresses  at  the  fiber  interface.  Fracture 
surfaces  show  that  no  reaction  occured  during  the  manufacturing  process  between  carbon 
and  matrix;  so  only  residual  stresses  assure  die  binding  of  fibers.  When  an  external  load 
is  applied  to  the  composite,  the  stresses  just  outside  the  fiber  can  be  obtained  by  a  relation 
depending  on  the  stress  inside  the  fiber  and  the  eigenstrain  [15]. 


Fig.  9.  Comparision  between  the  yield 
criterion  and  the  damage  threshold 
calculated  by  the  analytical  approach  for 
a  2024Al-20%vol.  Gr  composite 
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The  damage  threshold  is  supposed  to  be  reached  when  the  normal  stress  to 
the  considerated  point  of  the  interface  is  equal  to  the  residual  stress.  Thus,  a  single 
criterion  allows  the  modelization  of  an  anisotropic  phenomenon  as  presented  figure  9. 
We  can  sec  a  critical  angle  corresponding  to  the  transition  between  the  interface  at  the 
fiber  tip  and  the  one  along  the  fiber  The  comparision  between  the  yield  and  damage 

surfaces  presents  a  good  agreement  with  figure  8.  . 

In  the  particular  case  of  perfectly  aligned  and  equi-distnbuted  tibers, 
figure  10  shows  an  increase  of  the  damage  stress  in  the  longitudinal  direction  with  the 
fibers  aspect  ratio.  This  parameter  has  a  small  influence  on  the  tansverse  direction.  The 
critical  angle  also  varies  with  the  length  to  diameter  ratio  of  the  fibers.  The  approximate 
value  of  this  angle  corresponds  to  the  acceptable  disorientation  angle  of  the  fibers  in  the 
case  of  elasticity  (-20°).  Figure  1 1  presents  the  evolution  of  the  damage  threshold 
surface  with  the  fiber  volume  fraction  for  a  composite  with  a  fiber  aspect  ratio  of  10.  The 
decrease  of  the  damage  stress  in  both  longitudinal  and  transverse  directions  with  the 
reinforcement  rate  is  noticable.  This  tends  to  confirm  the  fact  that  damage  first  appears  in 
the  areas  with  an  important  local  volume  fracticHi.  .  r  . 

In  order  to  clarify  this  point,  we  have  introduced  in  the  calculation  of  the 
damage  threshold  surface  the  effect  of  a  distribution  of  local  volume  fraction.  We  have 
plotted  figure  12  the  damage  stress,  for  a  given  distribution,  in  different  tensile 
directions.  The  shape  of  the  concentration  distribution  has  a  negligible  influence.  Thus, 
the  influence  of  rich  in  fibers  areas  is  clearly  demonstrated. 

This  approach  displays  the  important  influence  of  the  local  volume  fraction  in 
the  damage  initiation  of  a  metal  matrix  composite. 


Stress  peipendicular  to  the  fibers  (MPa) 

Fig.l0 ;  Evolution  of  the  damage  threshold  surface  with  the  fiber  aspect  ratio 
for  a  2024A1-Gr  composite  with  a  fiber  volume  fraction  of  20% 
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damage  threshold  stress  (Mpa) 
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Fig.l  1 :  Evolution  of  the  damage  threshold  surface  with  the  fiber  volume  fraction 
for  a  2024A1-Gr  composite  with  a  fiber  aspect  ratio  of  10 


distribution  of  local  volume  fraction 
( A1 2024  -  20%voL  Gr) 

0,20 
0,15 
0,10 
0,05 
0,00 

0  10  20  30  40  50  60  70  80 

local  volume  fraction 

Fig.  12 ;  Evolution  of  the  damage  threshold  surface  with  the  tensile  stress  orientation 
for  a  2024A1-Gr  composite  with  a  given  distribution  of  local  volume  fraction 
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Since  we  know  the  relation  between  the  local  volume  fraction  density  and  the 
damage  stress,  we  determine  the  proportion  of  damaged  material  as  a  function  of  the 
appli^  stress,  (figure  13) 
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Fig  13:  Method  to  calculate  the  damage  probability. 

We  presentc,  on  figure  14,  for  different  orientation  of  the  tensile  stress,  the 
damage  probability,  considering  two  different  distributions  of  the  locale  volume  fraction, 
but  with  the  same  macroscopique  volume  fraction.  We  point  out  the  importance  of  the 
shape  of  the  distribution  on  the  mean  value  and  the  scatter  of  the  damage  stress.  The 
anisotropy  in  the  different  directions  is  also  well  taken  into  account 
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Fig  14-  Damage  probabUity  as  a  function  of  the  applied  stress  for  different  directions  of  loading  and  two 

local  volume  fraction  distributions. 

We  Doint  out  the  importance  of  the  shape  of  the  distribution  on  the  mean 
value  and  th^  scatter  of  the  dam^e  stress.  The  anisotropy  in  the  different  directions  is 
also  well  taken  into  account 


Numerical  approach 

A  more  accurate  modeUzation  of  the  behavior  of  these  composites  requkes  to 
take  into  account  the  thermoelastoplastic  behavior  of  the  mamx, 
evolution  of  damage,  which  is  different  for  particle  and  short  fiber 
An  attempt  is  made  to  study  the  influence  of  the  distribution  of  short  fibers  (1/d  10)  o 

the  last  point  approach  has  already  been  undertaken  by  C^STMAN  and  d. 

r  1 11  on  two  phases  basic  cells.  In  a  first  computation,  the  circular  cylin^cal  cell  ^und 
the  fiber  was  required  to  remain  a  circular  cylinder  throughout  the  deformation  histo^. 
Awording  to^ERGAARD  [12],  this  approximation  is  close  to  a  3D  penodic 
homoeeneization.  The  modelized  behavior  overestimates  the  expenmentd  one.  A  serond 
set  of  boundary  conditions  consists  in  maintaining  the  outside  of  the  cylinder  s^essfree 
This  SSmates  the  experimental  results.  An  in-between  situation  has  been 
investigated  by  surrounding  the  matrix  phase  with  a  third  phase  constitut^  by  Ae 
^utvalent  homogeneous  material.  We  assumed  an  infinite  strength  for  the  fiber-matnx 

interface.  ^^ffg^ent  axisymmetrical  basic  cells  have  been  computed  Ea^  one 

contains  the  same  volume  fraction  of  reinforcement  even  at  the  local  Mde.  The  frret  live 

res  ^nSLTnoS  carbon  fiber  (l/d=10),  the  last  one  is  reinforced  by  an  eqmv^J 

homogeneous  composite  with  50  vol.%  of  fibers  which  represents  a 

well  infiltrated.  The  reinforcement  phase  is  surrounded  with  a  2024 

proportion  of  matrix  "seen"  by  the  fiber  tip  debases  along  the 

one  The  behavior  of  fibers  is  anisotropic  elastic.  The  o^  of  the  matnx 

thermoelastoplastic  with  non  linear  kineinatic  hardening. 

anisotropic  thermoelastoplastic  with  hnear  kmemaoc  hardening.  The  different  coefficients 
of  the  EHM  were  calculated  by  the  analytical  model. 
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Each  cylinder  was  cooled  from  manufacturing  temperature  to  room 
temperature  in  order  to  take  into  account  the  residual  stresses.  Then  the  cells  were  loaded 
in  tension.  By  measuring  the  mean  stress  and  the  displacement  for  different  steps  of 
loading  at  the  top  frontier  between  the  matrix  and  the  EHM,  we  can  plot  a  micro  behavior 
curve  which  includes  the  cooling  and  the  tension  loading.  The  evolution  of  the 
thermoplastic  behavior  must  be  noticed,  but  with  a  poor  impact  on  the  elastic  part.  We 
can  remark  a  chwge  in  the  sign  of  residual  stresses  when  the  fiber  tip  does  not  see  a  lot 
of  matrix.  This  situation  is  near  to  a  configuration  of  continuous  fibers  which  can  explain 
the  observed  compressive  stresses. 

The  slope  of  the  curve  at  the  beginning  of  the  mechanical  loading  gives  a 
local  Young’s  modulus.  This  has  been  plotted  figure  13  as  a  function  of  the  thickness  of 
matrix  between  two  neighboring  fibers.  The  configuration  of  fibers  which  corresponds  to 
the  composite  modelization  is  also  mentioned : 

1-  a  situation  of  fibers  close  to  their  neighbors, 

2-  a  homogeneous  distribution, 

3-  a  close  tip  to  tip  fibers  configuration. 

The  value  obtained  for  a  bundle  of  fibers  is  also  indicated. 

We  study  the  development  of  plasticity  in  an  average  configuration.  Plasticity 
first  extends  in  the  matrix  along  the  fiber.  Then  the  EHM  starts  yielding  at  the  bottom  of 
the  cell.  This  rapidly  stops  to  continue  at  the  top  of  the  fiber  with  an  important 
localization  near  the  fiber  tip .  The  maximum  value  of  the  equivalent  plastic  strain  near  the 
fiber  tip,  for  a  same  macro-stress  corresiwnding  to  the  macro  yield  strength  of  the 
composite,  has  been  plotted  on  the  same  kind  of  diagram  as  on  fig.l5  (figure  16).  The 
main  directions  for  plasticity  development  have  also  been  shown. 


Fig.  15.  The  variation  of  the  local  longitudinal  Young's  modulus  given  by  the  numerical 
approach,  with  the  matrix  thickness  around  the  fibers. 
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Fig.  16.  The  variation  of  the  maximum  equivalent  plastic  strain  at  the  fiber  tip  given  by 
the  numerical  approach,  with  the  matrix  thickness  around  the  fibers.  All  these  values  are  measured  for  the 
same  stress  level  corresponding  to  the  macro  yield  stress  of  the  composite. 


DISCUSSION 

LEMAITRE  [13]  has  shown  that  the  damage  parameter  D  was  linearly 
dependent  on  the  equivalent  plastic  strain.  So  we  qualitatively  explain  fig.  14  in  terms  of 
initiation  and  propagation  of  damage.  The  better  situation  is  clearly  tjie  middle  one. 
Fibers  close  to  their  neighbors  are  much  mcwe  sensitive  to  plastic  localization  and  damage 
occurs  more  rapidly.  The  evolution  of  damage  as  determined  by  the  finite  element  model 
has  also  been  sketched  for  each  configuration.  The  left  one  shows  a  propagation 
perpendicularly  to  the  fiber  axis.  The  middle  one  presents  two  inajor  directions  correlated 
to  the  propagation  of  shear  bands.  For  the  third  one,  the  evolution  occurs  along  the  fiber 

axis.  ,  , 

Both  figures  15  and  16  show  that  a  bundle  of  fibers  can  be  reprerented  by  a 
configuration  of  fibers  close  to  their  neighbors. 

According  to  LEMAITRE  [14],  the  plastic  strain  threshold  for  initiation jpf 
damage  in  such  aluminum  alloys  is  3%.  This  limit  is  only  exceeded  in  the  bundles  of 
fibers.  Such  conclusions  have  to  be  moderated  by  the  fact  that  the  matrix  is  not  exactly  in 
the  same  metallurgical  state  as  the  control  alloy  but  microhardness  values  obtained  by 
CHRISTMANN  and  al.  [1 1]  have  suggested  that  the  same  mechanical  characteristics  can 
be  adopted  which  has  been  done  here  for  both  modelizations. 

The  fracture  surfaces  observation  shows  a  difference  between  areas  of 
bundled  fibers  and  isolated  ones.  We  can  check  (Figure  17-a)  that  the  damage  has  locally 
propagated  perpendicularly  to  the  fiber  axis  when  an  isolated  fiber  displays  a  propagation 
along  the  matrix  interface  fig.  17-b.  This  tends  to  confirm  the  calculated  directions  of 
damage  propagation. 
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Fig.  17.  Fracture  surface  morphology  in  different  areas,  (a)  fibers  near  to  their  neighbors 
and  (b)  a  fiber  embedded  in  the  matrix. 

In  fact,  we  observed  that  the  first  step  of  damage  initiation  corresponds  to  a 
debonding  of  carbon-matrix  interface.  The  numerical  computation  assumes  a  perfect 
interface,  so  this  method  does  not  describe  the  real  process.  A  better  description  is  made 
with  the  previous  analytical  approach.  This  model  also  allows  to  take  into  account  the 
effect  of  distribution  of  different  microstructural  parameters  as  seen  before,  which  is 
fundamental  for  the  prediction  of  a  local  damage  criterion. 


CONCLUSION 

In  this  study,  the  influence  of  different  microstructural  parameters  on  the 
mechanical  properties  of  a  Gr-Al  composite  has  been  investigated.  Two  models  have 
been  presented  :  an  analytical  one,  bas^  on  a  micro-macro  mcdelization.  This  provides 
the  influence  of  fiber  length,  distribution  of  orientation  and  local  volume  fraction  on  the 
stiffness  matrix,  the  coefficients  of  thermal  expansion,  the  Hill  criterion  for  plasticity, 
and  a  criterion  of  damage  initiation.  In  order  to  confirm  these  results  a  finite  element 
model  has  been  developed  which  gives  informations  on  the  influence  of  local  fibers 
distribution  on  the  initiation  and  propagation  of  damage. 

We  have  outlined  the  ill  effect  of  carbon  fibers  anisotropy  on  the  elastic 
characteristics  of  the  composite.  The  choice  of  a  strong  matrix  is  more  important  for  the 
increase  of  the  flow  stress.  A  fiber  disorientation  of  less  than  20®  induces  only  a  2%  drop 
of  the  stiffness,  but  transversely  oriented  fibers  have  a  more  considerable  effect.  A 
distribution  of  local  volume  fraction  induces  a  small  decrease  of  the  elastic  characteristics. 

Taking  into  account  the  residual  stresses  generated  by  the  cooling  from  the 
manufacturing  temperature,  a  configuration  of  bundled  fibers  with  little  matrix  inbetween 
has  been  shown  to  induce  an  earlier  initiation  of  damage  by  cavity  nucleation  at  the  fiber 
tips.  Damage  tends  to  propagate  in  the  direction  of  the  crack  that  is  to  say  perpendicularly 
to  the  fiber  axis.  The  better  configuration  corresponds  to  homogeneously  distributed 
fibers. 

To  go  further  in  the  modelization  of  the  behavior  of  DMMC  it  appears 
indispensable  to  take  into  account  the  void  formation  in  the  matrix  through  a  local  damage 
criterion  that  we  can  build  on  the  analytical  modelization.  This  seems  to  be  the  best  way 
to  succeed  in  the  good  prediction  of  a  fracture  criterion. 

The  developed  models  are  included  in  a  more  general  scheme  to  predict  a 
damage  probability  of  a  structure. 


-89- 


Acknowledgments  -  This  work  has  been  supported  by  the  Ets  R.  CR^ZET  for  the 
manufacturing  of  the  composites  and  the  AEROSPATIALE,  through  a  CIFRE  contract. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

12 

13 

14 

15 


REFERENCES 


M.  G.  McKIMPSON  and  T.  E,  SCOTT  (1989)  Processing  and  properties  of  Metal  Matrix 
Composites  Containing  Discontinuous  Reinforcement.  Mat.  Sci.  Eng.  A107,  93-106 
ESHELBY  J.  D.  (1957)  The  Determination  of  the  Elastic  Field  of  an  Ellipsoidal  Inclusion  and 
Related  Problems.  Proc.  Roy.  Soc.  London  Series  A  241,  376-396 

TAYA  M.  and  MURA  T.  (1981)  On  Stiffness  and  Strength  of  an  Aligned  Short  Fiber 
Containing  Fiber-End  Cracks  Under  Uniaxial  Applied  Stress.  J.  Appl  Mech.  48, 361 
KOWALSKI  L  M.  (1986)  Determining  the  Transverse  Modulus  of  Carbon  Fibers  SAMPE 


TAYA  M.  and  TAKAO  Y.  (1987)  The  effect  of  Variable  Fiber  Aspect  Ratio  on  the  Stiffness  and 
Thermal  Expansion  Coefficients  of  a  Short  Fiber  Composite.  J.  Comp.  Mat.  21 ,140 
TAKAO  Y.,  CHOU  T.  W.  and  TAYA  M.  (1982)  Effective  Longitudinal  Young’s  Modulus  of 
Misoriented'  Short  Fiber  Composites.  J.  Appl.  Mech.  49,  536-540 

TAYA  M.  and  TAKAO  Y.  (1985)  Thermal  ExpansionCoefficients  and  Thermal  Stresses  in  an 
Aligned  Short  Fiber  Composite  With  Application  to  a  Short  Carbon  Fiber/Aluminium.  J. 

Appl.  Mech.  52, 806  .  .  .  r  w  ,  .  • 

CLEGG  W.  J.  (1988)  A  Stress  Analysis  of  the  Tensile  Deformation  of  Metal-Matrix 


Composites.  Ac/a  A/rt.  36  2141-2149 

CHAMBOLLE  D.,  BAPTISTE  D.  and  BOMPARD  Ph.  (1989)  Damage  Micromechanisms  and 
Micromechanic  Modelization  of  Al-SiCw  Composites  Proc.  Mecamat  89  (to  be  published). 
VASUDEVAN  A.  K.,  RICHMOND  O.,  ZOK  F.  and  EMBURY  J.  D.  (1989)  The  Influence  of 
Hydrostatic  Pressure  on  the  Ductility  of  Al-SiC  Composites.  Mat.  Sci.  Eng.  A107,  63-69 
CHRISTMAN  T.,  NEEDLEMAN  A.,  NUTT  S.  and  SURESH  S.  (1989)  On  Microstructural 
Evolution  and  Micromechanical  Modelling  of  Deformation  of  a  Whisker-reinforced  Metal  Matrix 


Composite.  Mat.  Sci.  Eng.  A107,  49-61 
TVERGAARD  V.  (1982)  Int  J.  Fract.  18, 237 
LEMAITRE  J.  (1984)  J.  Eng.  Mat.  Tech. 

LEMAITRE  J.,  CHABOCHE  J.  L.  (1985)  Micaiuque  des  Materiaux  Solides.  DUNOD 
MURA  T.  and  TAYA  M.  (1985)  Recent  Advances  in  Composites  in  the  United  Slates  and  Japan 
(edited  by  J.  R.  Vinson  and  M.  Taya).  ASTM  STP864, 209 


-90- 


RELIABILITY  EVALUATION  OF  STATIC  AND  FATIGUE  STRENGTHS 
OF  CARBON/POLYIMIDE  LAMINATES 


Toshiyuki  Shimokawa,  Yasumasa  Hamaguchi 

Airframe  Division,  National  Aerospace  Laboratory 
6-13-1  Ohsawa,  Mitaka,  Tokyo  181,  Japan 

and 

Hidehiko  Mitsuma 

System  Engineering  Department,  Tsukuba  Space  Center, 
National  Space  Development  Agency  of  Japan 
2-1-1  Sengen,  Tsukuba,  Ibaragi  305,  Japan 


ABSTRACT 


The  objective  of  this  study  is  to  evaluate  the  reliability  of  the  static 
and  fatigue  strengths  of  T-800H/PMR-15  carbon  polyimide  laminates.  Static  tests 
at  various  temperatures  and  fatigue  tests  at  room  temperature  were  conducted  for 
smooth  specimens  and  circular  hole  notched  specimens.  Static  tests  provided  the 
mean  and  averaged  scatter  of  static  strength  as  a  function  of  temperature,  and 
the  distribution  form  of  tensile  strength.  Fatigue  tests  yielded  S-N  relation¬ 
ships  under  three  kinds  of  stress  ratios.  Moreover,  the  residual  static  strength 
of  the  unbroken  specimens  was  investigated. 

INTRODUCTION 


Carbon/polyimide  composites  are  high  temperature  materials  having  possibil¬ 
ity  of  operating  in  260®C-320°C  range  and  promising  candidates  for  primary 
structures  of  HOPE  (H- I I  Orbiting  PlanE),  which  is  a  small  space  shuttle  planned 
at  NASDA  (NAtional  Space  Development  Agency  of  Japan).  However,  since  these 
materials  are  not  fully  matured,  in  order  to  apply  for  practical  structures  many 
test  data  should  be  accumulated  and  used  for  advancing  these  materials  more 
reliable . 

Only  a  few  papers[l,2]  with  respect  to  the  data  on  static  strength  of 
Celion  3K  and  6K/PMR-15  systems  are  published.  NAL  (National  Aerospace  Laborato¬ 
ry)  and  NASDA  selected  T-800H/PMR-15  system  and  have  been  evaluating  the  reli¬ 
ability  of  this  material,  as  a  part  of  the  joint  research  programs  to  develop 
HOPE  between  both  institutes.  The  elaborate  reliability  evaluation  of  this 
system  has  not  been  found  so  far.  Obtained  results  will  be  returned  to  the 
laminate-manufacturing  companies-  and  used  to  modify  the  cure  cycle  and  so  on. 

In  the  present  study,  static  tests  for  smooth  and  notched  specimens  were 
carried  out  at  various  temperatures.  The  mean  and  averaged  scatter  of  static 
strength  and  the  distributional  form  of  tensile  strength  are  evaluated.  Fatigue 
tests  for  notched  specimens  were  conducted  at  room  temperature  and  yielded  the 
S-N  relationships  under  three  kinds  of  stress  ratios.  The  reduction  of  fatigue 
strength  is  discussed.  Moreover,  the  residual  static  strength  of  the  unbroken 
specimens  was  investigated.  The  influence  of  fatigue  damage  on  the  residual 
static  strength  is  discussed. 
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MATERIALS  AND  SPECIMENS 

The  materials  tested  are  T-800H/PMR-15 
laminates.  Static  test  specimens  were 
manufactured  by  two  companies,  A  and  B.  The 
laminate  ply  lay-up  is  (+45/0/-45/90)4s. 
Fatigue  test  specimens  were  manufactured  by 
A  company.  The  laminate  ply  lay-up  is  (+45/ 
0/-45/90)3s-  The  prepreg  tapes  for  the 
static  tests  and  fatigue  tests  were  sup¬ 
plied  from  different  companies.  Figure  1 
indicates  the  specimen  configurations. 
Smooth  and  circular  hole  notched  specimens 
were  used  for  static  tests.  Circular  hole 
notched  specimens  were  used  for  fatigue 
tests.  Specimen  thickness  is  represented  by 
nominal  values  calculated  from  nominal 
prepreg  tape  thickness.  Net  area  stress  is 
used  for  stress  in  notched  specimens. 

STATIC  TESTS 

Tension  and  compression  tests  were 
conducted  at  NAL,  A,  and  B  companies.  Four 
data  sets  for  each  test  case  is  normal, 


Fig.  1  Specimen  configurations,  unit=mm. 


where  each  test  case  is  defined  by  the 

combination  of  smooth  or  notched  specimen,  tension  or  Jabokwry  Jnd 

temperature.  Four  data  sets  come  from  the  combination  of  the  test 

laminate-manufacturing  company,  i.e.,  (NAL,  A),  (NAL,  B)*  ^tions  in 

er  one  to  three  data  sets  exist  in  some  cases.  The  number  of  observation 

Lta  Lfis  two  to  four,  except  for  30  -^^^O^-anr^S'^tS^S  i^ 

were  -lOO'C,  -50*0,  room  temperature,  and  +300  C.  At  -100  C  and  50 
one  data  set  each  and  no  difference  in  the  amount  of  scatter  is  assumed  at  these 
temperatures.  The  estimates  of  scatter  in  static  strength  at 
cures  were  averaged.  In  this  case  the  temperature  reP^JJ^J^ed  by  -50 
drawing  graphs.  The  parameters  to  measure  the  mean  and  scatter  of  static 
strength  were  estimated  assuming  the  normal  distribution. 


Specimen  &  load 

Smooth,  tension 
Smooth,  compression 
Notched,  tension 
Notched,  compression 


-100®C  -50®C 


+300°C 


Numbers  of  Specimens  and  Data  Sets 

Table  1  Number  of  specimens;  also,  number 

Table  1  presents  numbers  of  of  data  sets  in  parenthesis. _ 

specimens  tested  and  data  sets.  p  inn®c  -50®C  RT  +300°C 

The  total  degrees  of  freedom  can  Specimen  &  load  -100  C  50  C _ k - - 

be  calculated  by  subtracting  the  suraoth,  tension  3(1)  3(1)  39(4)  10(4) 

number  of  data  sets  from  the  Smooth,  compression  3(1)  3(1)  14(4)  vy) 

number  of  specimens  tested.  Notched,  tension  3(1)  3(1)  i  I  ; 

Notched,  compression  3(1)  31  il 

Mean  Static  Strength 

Strength  considered  is  represented  by  x.  Individual  sample,  i*®** 
is  indicated  by  j,  and  the  number  of  data  sets  by  m.  The  sample  size  in  the 
sample  j  is  demoted  by  nj.  An  arbitrary  strength  observation  is  expressed  by 
Xji.  The  mean  in  the  sample  j,  0 j ,  is  given  by 

Vij  =  (^Xji)/nj. 

Then,  the  simple  arithmetic  mean  y  is  calculated  by 
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(2) 


y  =  (Injyj)/Enj. 

Figure  2  indicates  the  mean 
strength  from  all  the  data  sets  in  each 
test  case,  though  in  some  test  cases 
the  statistical  test  of  the  homogeneity 
of  mean  values  was  rejected.  Therefore, 
this  figure  reveals  a  rough  estimate  of 
the  mean  strength.  In  case  of  the 
smooth  specimens,  the  mean  tensile 
strength  drops  slightly  following  the 
rise  of  temperature.  The  mean  compres¬ 
sive  strength  decreases  or  does  not 
change  at  low  and  room  temperatures, 
but  drops  at  300®C.  In  case  of  the 
notched  specimens,  as  the  temperature  rises,  the  mean  tensile  strength  increases 
slightly  or  does  not  change  and  the  mean  compressive  strength  decreases.  The 
high  strength  of  T-800H  fiber  contributes  the  very  high  tensile  strength  in 
comparison  with  the  compressive  strength. 

Averaged  Scatter  of  Static  Strength 

The  measure  of  scatter  is  generally  represented  by  the  standard  deviation 
or  coefficient  of  variation  in  the  normal  distribution.  This  study  assumes  that 
the  standard  deviation  or  coefficient  of  variation  is  constant  or  common  for  the 
data  sets  in  each  test  case  defined  above.  The  scatter  estimates  obtained  from 
each  data  set  in  one  test  case  are  averaged  and  discussed.  The  averaged  scatter 
estimate  is  expected  to  be  better  than  individual  estimate  from  each  data  set  by 
an  increase  in  the  degree  of  freedom.  Though,  the  mean  strength  is  not  assumed 
to  be  common  in  each  test  case. 
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Fig.  2  Mean  static  strength. 


Averaged  standard  deviation.  The  estimate  of  standard  deviation  in  each  data 
set,  is  given  by 

ej  =  [2:(xji-0j)2/(nj-l)]l/2.  (3) 

Therefore,  the  averaged  estimate  of  standard  deviation,  i.e.,  the  pooled  esti¬ 
mate  of  standard  deviation,  with  weights,  §,  can  be  calculated  by 

§  =  [j:{(nj-l)8j2}/Z(nj-l)]l/2,  (4) 


Figure  3  indicates  obtained  re¬ 
sults.  Besides  §  for  the  test  case  of 
the  smooth  specimen,  tensile  test,  and 
low  temperature,  §  for  the  tensile 
strength  of  the  smooth  specimens  and 
the  compressive  strength  of  the  notched 
specimens  are  not  heavily  influenced  by 
temperature.  As  the  temperature  rises, 

§  for  the  tensile  strength  of  the 
notched  specimens  is  increased;  howev¬ 
er,  that  for  the  compressive  strength 
of  the  smooth  specimens  is  decreased. 

On  comparison  of  §  for  the  tensile 
strength  and  that  for  the  compressive 
strength  in  the  smooth  specimens,  §  for 
the  compressive  strength  is  nearly 


Fig.  3  Averaged  standard  deviation  estimate 
with  weights  for  static  strength. 


”93“ 


equal  to  or  lower  than  that  of  the  tensile  strength,  except  for  the  test  case  of 
low  temperature.  On  the  other  hand,  for  the  notched  specimens  8  of  tensile 
strength  is  higher  than  that  of  the  compressive  strength.  Hence,  if  the  measure 
of  scatter  is  represented  by  the  standard  deviation,  the  scatter  of  compressive 
strength  is  not  always  higher  than  that  of  tensile  strength. 

Averaged  coefficient  of  variation.  The  coefficient  of  variation,  fij,  in  one 
data  set  is 

fij  =  ej/Pj.  (5) 

An  appropriate  method  to  average  the  coefficient  of  variation  has  not  been  found 
in  ordinary  text  books,  the  authors  proposed  the  following  formula  to  get  an 
averaged  or  pooled  estimate,  i.e.,  an  unbiased  estimator  of  the  coefficient  of 
variation  with  weights,  f\, 

^  Z[c2jnj/{l+C2j^(T1^/nj-l)}] 

Z[c2j2/{l+C2j2(n2/nj-l)}] 

where  l/co-i  is  the  constant  to  correct  the  bias  of  the  standard  deviation  esti¬ 
mator  and  a  function  of  sample  size  n.  n  is  the  common  coefficient  of  variation. 
^  can  be  calculated  by  an  iterative  technique. 


Figure  4  shows  n,  the  averaged 
estimate  of  the  coefficient  of  varia¬ 
tion  with  weights.  In  case^of  the 
smooth  specimens,  besides  r\  for  the 
tensile  strength  at  the  low  tempera¬ 
ture,  n’s  for  both  tensile  and  compres¬ 
sive  strengths  are  approximately  con¬ 
stant  regardless  of  temperature.  Of 
course,  their  values  are  apparently 
different.  The  value  obtained  for  the 
compressive  strength  is  larger  than 
that  for  the  tensile  stren|th.  In  case 
of  the  notched  specimens,  for  both 

tensile  and  compressive  strengths  are 
almost  the  same  at  low  temperature  and 
increases  as  temperature  rises.  This 
value  for  the  tensile  strength  becomes 
strength  at  +300°C. 
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Fig,  4  Averaged  estimate  of  the  coefficient 
of  variation  with  weights  for  static  strength, 

mch  higher  than  that  for  the  compressive 


The  averaged  estimate  of  the 
coefficient  of  variation  for  the  com¬ 
pressive  strength  is  greater  than  that 
for  the  tensile  strength  in  the  smooth 
specimens;  however,  this  relationship 
is  reversed  in  the  notched  specimens. 
Since  the  coefficient  of  variation  is 
expressed  by  Equation  (5),  the  tenden¬ 
cies  shown  in  Figure  4  are  roughly 
explained  by  Figures  2  and  3. 

Distributional  Form  of  Tensile  Strength 
in  Smooth  Specimens 

Thirty  observations  of  tensile 
strength  of  the  smooth  specimens  at 


Fig,  5  Distribution  of  tensile  strength 
of  smooth  specimens  at  room  temperature 
on  normal  and  Weibull  probability  paper. 
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room  temperature  are  plotted  in  normal  and  Weibull  probability  paper  and  illus¬ 
trated  in  Figure  5.  Data  fitness  with  a  normal  distribution  is  generally  better 
than  with  a  Weibull  distribution,  though  the  weakest  is  exceptional.  The  statis¬ 
tic  of  the  modified  Kolmogorov-Smirnov  goodness-of-fit  test[3]  gives  0.077  for 
the  normal  distribution  and  0.126  for  the  Weibull  distribution.  This  means  that 
the  normal  distribution  fits  quantitatively  better  with  the  obtained  data  than 
the  Weibull  distribution  does. 


FATIGUE  TESTS 

Static  and  fatigue  tests  for  the  fatigue  test  specimens  illustrated  in 
Figure  1  were  conducted  at  NAL.  At  the  same  time,  additional  static  tests  were 
carried  out  at  A  company  using  the  specimens  made  of  the  same  lot  of  prepregs. 
These  results  are  mixed  with  those  obtained  at  NAL.  The  static  test  results 
obtained  here  were  not  used  in  the  analysis  described  above.  Fatigue  tests 
provided  S-N  relationships  under  three  stress  ratios,  R=0.1,  -1,  and  -«>,  and 
were  terminated  at  10^  load  cycles,  because  the  mission  flight  times  of  HOPE 
will  be  expected  about  ten.  In  order  to  investigate  residual  static  strength, 
after  10^  cycles  the  unbroken  specimens  were  followed  by  static  tests,  i.e., 
tensile  tests  for  the  specimens  tested  under  R=0.1  and  compressive  tests  for 
those  tested  under  R=-l  and 

Figure  6  presents  obtained  S-N  relationships  on  semi-logarithmic  graph 


paper.  The  net  stress  is  represented 
by  the  maximum  stress  for  R=0.1  and 
-1,  and  the  absolute  value  of  the 
minimum  stress  for  R=-»,  Static  test 
results  are  indicated  at  0.25  cycles. 
When  R=0.1,  very  high  fatigue  strength 
is  shown  due  to  the  high  strength  of 
T-800H  fibers.  When  R=-l,  the  lowest 
S-N  relationship  is  obtained;  however, 
the  stress  range  is  double  the  net 
stress  expressed  in  this  figure'.  When 
R=-oo^  fatigue  strength  is  slightly 
higher  than  that  under  R=-l.  This  fact 
implies  that  under  R=-l  compressive 
stress  cycles  mainly  contribute  to  the 
fatigue  damage  and  tensile  stress 
cycles  give  small  influence.  Figure  6 
indicates  that  fatigue  life  will  be 
beyond  10^  cycles  at  65%  of  static 
strength  at  the  worst  case,  R=-l, 
However,  these  results  point  out  that 
consideration  for  fatigue  damage  is 
necessary  when  compressive  stress 
cycles  are  anticipated. 

Figure  7  illustrates  the  residual 
static  strength  (RSS)  after  10^  load 
cycles  in  a  bar  graph.  Section  lines  in 
RSS  bars  indicate  fatigue  stress  lev¬ 
els.  When  R=0.1,  RSS  is  higher  than  the 
static  tensile  strength.  This  comes 
from  the  relaxation  of  stress  concen¬ 
tration  around  the  notch  of  the  speci¬ 
men.  When  R=-l  and  RSS  is  slightly 


Fig.  6  S-N  relationships  of  circular  hole 
notched  specimens  at  room  temperature. 


Fig.  7  Static  strength  and  residual  static 
strength  (RSS)  after  10^  load  cycles,  fatigue 
stress  indicated  by  a  section  line  in  RSS  bars. 
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lower  than  the  static  compressive  strength.  This  is  explained  by  the  reason  that 
the  delamination  produced  around  the  notch  of  the  specimen  by  fatigue  load 
cJclera?JeSJa?es  the  delamination  induced  by  static  compressive  stress.  There- 
fore,  it  can  be  interpreted  that  fatigue  damap  gives  ° 

tensile  strength,  but  negative  influence  on  the  compressive  strengt  . 

CONCLUDING  REMARKS 

Static  and  fatigue  tests  were  conducted  on  smooth  and  circular  notched 
specimens  of  T-800H/PMR-15  laminates.  Reliability  of  static  strength  under 
vLious  temperatures  and  fatigue  strength  at  room  temperature  is  evaluated. 

Major  results  obtained  are  as  follows; 

1.  The  simple  means  of  static  tensile  and  compressive  strengths  were  obtained 
2  The  aieragerestimates^of  Landard  deviation  of  static  strength  were  calcu- 
3'.  co.££iclent  o£  variation  o£  static  strength 

4  SlKribluonal"*£OT  of°Mnsile  Itrmgth  o£  smooth  speclmens^at  room  tempera 
ture  fits  better  with  a  normal  distribution  than  a  Weibull  distribution. 

5  l-n  relationships  of  notched  specimens  at  room  temperature  were  investigated 
for  SS  stress  ratios,  R=0.1,  -1.  and  and  presented  in  a  diagram. 

6  Static  tests  of  the  unbroken  specimens  clarified  that  fatigue  damage  giv 
p^sUiv^effect  on  tensile  residual  strength  and  a  negative  effect  on  com¬ 
pressive  residual  strength. 
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This  paper  deals  with  macro  and  meso-modelling  of  damage  and  fracture  of 
tridirectional  composites.  Such  models  are  used  to  predict  the  rupture  of  a  structure  or  more 
generally  to  estimate  its  damage  state  compare  to  one  or  several  ultimates  states. 
Tridirectional  composites,  which  are  often  used  at  high  temperature,  are  made  of  fibres 
arranged  in  a  regular  pattern  in  the  three  directions  of  space.  The  voids  between  fibres  are 
filled  up  by  matrix.  Contrary  to  laminates  composites  these  materials  offer  a  high  strength  in 
these  t^ee  directions.  Identification  has  been  performed  for  a  3d  carbon-carbon  and  a  3d 
evolutive  composites  of  the  AEROSPATIALE. 

The  first  step  was  to  develop  a  simple  macro-modelling  of  this  material  which  can  be 
identified  thanks  to  standard  test.  Traction  and  compression  tests  in  different  direction  have 
been  performed.  Thus  an  homogeneous  damage  model  has  been  developed.  They  have 
shown  that  damage  phenomenon  plays  a  prominent  part  in  the  material  deterioration.  An 
anisotropic  model  with  one  damage  variable,  associated  with  the  shear  behaviour,  has  been 
built  up  and  tested  for  the  3D  carbon-carbon  composite. 

To  go  further  and  get  a  better  understanding  of  the  damage  process,  the  material  has 
been  studied  at  a  more  local  scale.  For  3D  composites,  between  the  macro  scale  of  the 
structure  and  the  micro  scale  of  single  fiber  it  exist  an  intermediate  scale  of  its  constituents  : 
fibre-yams  matrix-blocks  and  their  interfaces.  The  damage  variables  are  assumed  to  be 
constant  within  the  elementary  cell.  This  means  that  we  have  chosen  a  preferential  scale  for 
the  damage  modelling  which  is  called  the  meso  scale.  A  meso-modelling  of  damage  and 
anelastic  phenomena,  associated  with  the  behaviour  of  each  constituents  has  been  construct. 
It  allows  (i)  the  optimization  of  the  elementary  cell  of  the  composite  in  order  to  get  a  better 
global  mechanical  behaviour  (ii)  to  analyze  the  damage  behaviour  of  the  stmcture  near  the 
edge  or  macro  defect. 

The  homogeneous  behaviour  is  rebuilt  from  the  behaviour  of  the  constituents.  Thus 
the  first  difficulty  is  to  determine  the  characteristics  of  fibre-yams  matrix-blocks  and 
interfaces  respectively.  To  obtain  this  information,  which  does  not  concern  the 
homogeneous  behaviour,  non  standard  tests  have  been  defined  and  realized.  Some  fibre- 
yams  have  been  taken  out  by  machining  and  tested  in  tension,  torsion  and  bending.  In 
addition  some  compression  test  on  samples  without  one  fibre  direction  have  been  performed 
in  order  to  get  more  information  on  the  "in  situ"  behaviour  of  the  matrix. 

The  reconstruction  of  the  global  behaviour,  both  in  the  linear  and  non-linear  fields  is 
realized  thanks  to  simple  model  of  scale  changing.  Actually  it  can  been  shown  that  the 
following  approximations  works  quite  well :  under  normal  loading  the  axial  strain  is  nearly 
constant  in  the  cell,  in  addition,  under  shear  loading,  the  shear  stress  distribution  is  nearly 
uniform  in  the  cell.  To  take  into  account  such  properties  a  mixed  model  is  used  which  allow 
us  to  get  the  anisotropic  damage  law  and  the  anelastic  global  behaviour  from  a  meso  analysis 
of  the  elementary  cell.  Such  an  approach  has  allowed  an  improvement  of  the  damage  macro¬ 
modelling  in  the  form  of  some  coupling  between  shear  effects.  The  non-linear  behaviour  is 
mainly  due  to  the  interfaces  deterioration  and  the  plasticity  of  the  matrix  block.  The  model 
we  obtain  has  been  checked  for  various  solicitation  and  give  good  results. 
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ABSTRACT 

This  paper  deals  with  modeling  of  damage  and  fracture  of  tridirectional  composites,  such  as 
carbon-carbon ,  ceramic  ceramic,  or  evolutive  composites,  and  of  its  identification .  A  first  approach 
consist  in  defining  macro-damage  modeling  which  are  founded  on  an  anisotropic  damage  theory.  To 
go  further,  both  in  the  understanding  of  the  damage  process  and  in  the  simulation  of  crack, 
mesomodeling,  that  is  modeling  of  a  composite  at  the  scale  of  its  main  constituents  are  defined.  In  the 
case  of  three-directional  composites  the  constituents  are  fiber-yams,  matrix-blocks  and  interfaces. 
The  identification  of  the  mesomodeling  requires  classical  but  also  non-standard  mechanical  tests. 

INTRODUCTION 

The  aim  of  this  paper  is  to  present  some  general  tools  and  idea  for  the  modeling  and 
understanding  of  damage  in  the  case  of  3D  composites  such  as  carbon  carbon  ceramic  ceramic  or 
evolutive  composites.  For  sake  of  brievity,  the  case  of  the  three-directional  carbon-carbon  composites 
of  the  AEROSPATIALE,  will  be  taken  as  an  example.  This  material  which  is  used  at  high 
temperature,  are  made  of  carbon-fibres  arranged  in  a  regular  pattern  in  the  three  directions  of  space. 
The  voids  between  fibres  are  filled  up  by  carbon-matrix.  Contrary  to  laminates  composites  these 
materials  offer  a  high  strength  in  these  three  directions.  The  first  step  in  the  investigation  of  this 
material  was  to  develop  and  test  an  homogeneous  damage  model[l].  This  study  has  shown  that 
damage  plays  a  prominent  part  in  the  material  deterioration.  To  get  a  better  understanding  of  the 
damage  process,  it  was  interesting  to  study  it  at  a  more  local  scale. 

For  3D  composites,  between  the  macro  scale  of  the  structure  and  the  micro  scale  of  single  fiber 
it  exist  an  intermediate  and  preferential  scale.  It  is  the  scale  of  the  its  constituents  :  fibre-yams,  matrix- 
blocks  and  their  interfaces,  which  is  called  the  meso  scale.  This  scale  allows  a  simple  modeling  of 
damage  and  anelastic  phenomena,  associated  with  the  behaviour  of  each  constituents.  Such  an 
approach  allows  us  to  optimize  the  elementary  cell  of  the  composite  in  order  to  get  a  better  global 
mechanical  behaviour. 

The  homogeneous  behaviour  is  rebuilt  from  the  the  behaviour  of  the  constituents.  Thus  the  first 
difficulty  is  to  determine  the  respective  characteristics  of  fibre-yams  matrix-blocks  and  of  interfaces. 
To  obtain  this  information,  which  does  not  concern  the  homogeneous  behaviour,  non  standard  tests 
have  been  defined  and  realized.  Some  fibre-yams  have  been  taken  out  by  machining  and  tested  in 
tension,  torsion  and  bending.  In  addition  some  compression  test  on  samples  without  one  fibre 
direction  have  been  performed  in  order  to  get  more  information  on  the  "in  situ"  behaviour  of  the 
matrix. 

The  reconstruction  of  the  global  behaviour,  both  in  the  linear  and  non-linear  fields  is  realized 
thanks  to  simple  models  supported  by  the  classical  theory  of  asymptotic  homogenization.  Actually  it 
can  been  shown  that  the  following  approximations  works  quite  well :  under  normal  loading  the  axial 
strain  is  nearly  constant  in  the  cell,  in  addition  under  shear  loading  the  shear  stress  distribution  is 
nearly  uniform  in  the  cell.  To  take  into  account  such  properties  a  mixed  model  is  used  which  allow 
us  to  get  the  anisotropic  damage  law  and  the  anelastic  global  behaviour  from  a  irieso  analysis  of  the 
elementary  cell.  It  is  worth  noting  that  the  non-linear  behaviour  is  mainly  due  to  the  interfaces 
deterioration,  which  is  assumed  to  be  uniform  on  each  interface,  and  to  anelasticity  of  the  matrix 
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blocks[2].  The  model  we  obtain,  quite  simple,  has  been  checked  for  various  solicitation  and  give  very 
satisfying  results 

SOME  TOOLS  FOR  THE  DAMAGE  MODELLING 

The  idea  we  have  followed  is  due  to  Kachanov[3]  and  Rabomov[4].  First  one  adds  a  new 
internal  variable  in  the  thermodynamics  sense  to  describe  the  damage  state.  The  chosen  damage 
indicator  is  the  Young's  modulus  Of  the  material.  It  is  clear  that  the  relative  variation  of  the  modulus 

(Eo  -  E)/Eo  is  characteristic  of  the  damage  level .  For  anisotropic  materials,  and  then  for  composites, 
we  developed  this  idea  in  [5].  The  main  features  of  the  theory  are  presented  hereafter.  Let  us 
consider  a  damaged  material  whose  initial  characteristics  are  denoted  by  (no  damage).  The 

effective  volume  which  is  studied,  is  submitted  to  a  stress  perturbation  a*,  in  the  space  direction  1?  . 

The  strain  perturbations  associated  with  a  and  n  are : 

-  e^(V) ;  longitudinal  strain  in  the  1?  direction, 

-  t^Cn)  +  SjCn)  +  ej.(n ) :  volumic  strain  in  the  n  direction. 

T,  T  denote  two  transversal  and  orthogonal  directions  with  respect  to  7?,  and  orthogonal  each  to 
each.  We  define : 

EC^)  =  ~—  ;  7(7?)  =  - - - ^ ; - 

6^(11)  Ej^(n  )  +  eT.(n  )  +  eT.(n) 

where  E(7?)  is  the  Young's  modulus  in  the  7?  direction  and  7(7?)  is  a  less  classical  modulus,  still  in 
the  7?  direction.  For  an  isotropic  undamaged  material,  we  have  : 

E(7?)  =  Eo  7Ci?)  =  7^ 

The  fundamental  result  is  the  following  theorem ;  the  functions  Eo(7?)  and  7(7?)  are  independent 
and  define  entirely  the  Hooke's  tensor  of  the  material.  It  is  to  notice  that  they  are  not  arbitrary 
functions  :  E  depends  on  fifteen  scalar  coefficients,  yon  six.  The  damage  functions  are  defined  by : 

6(n  )= -  d(n)  = - 

70(7?)  Eo(7?) 

The  d  and  5  functions  may  be  represented  in  the  tridimensional  space  by  two  surfaces  Sj,  Ss  called 
damage  surfaces :  01^  =  7?.  d(7?)  (5!^  =  7?.  8(7?) 

The  central  problem  is,  of  course,  to  describe  the  damage  state  of  the  material  with  the  minimum 
number  of  variables.  If,  for  example,  the  damage  surfaces  may  be  approximated  by  means  of  two 
spheres,  one  obtains,  for  the  damage,  a  two  variable  description  which  constitutes  the  real  isotropic 

damage  theory.  More  generally,  the  d  and  5  functions  may  be  expanded  in  Fourier  series.  Thus,  one 
obtains,  depending  on  the  choice  of  the  truncation,  relatively  different  damage  kinematics.  For 
composite  media,  *e  highest  harmonics  appear  to  be  the  most  essential. 

Modelling  of  the  Damage  Evolution.  Coupling  Damage-Anelasticitv  forviscoanelasticitvl. 

After  choosing  a  damage  kinematic,  the  construction  of  a  theoritical  model  does  not  lead  to  special 
difficulties  insofar  as  one  uses  the  classical  scheme  of  standard  materials.  It  is  a  well-known 
procedure,  the  main  difficulties  consist  in  modeling : 

-  a  different  elastic  "traction"  and  "compression"  behaviour  (microvoids  and  microcracks  may  open 
on  shut  depending  on  the  case). 
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-  the  damage-anelasticity  coupling. 

For  the  first  aspect  of  the  problem,  one  will  find  in  [5]  various  possible  modelings  from  which  some 
examples  will  be  presented  later  on.  The  idea  is  to  express  this  unilateral  character  in  terms  of  energy. 
For  the  damage-plasticity  coupling,  a  scheme  which  seems  to  work  quite  well,  is  to  build  the 
modelings  upon  quantities  which  are  called  "effective". 

-  effective  stress  :  S  =  Ko  .K-l  a  -  effective  anelastic  strain  rate  :  Ep  =  Ko**  ‘K  Ip 

where  K  denotes  Hooke's  tensor,  a,  e  the  stresses  and  strains.  In  other  words,  modelings  are  built 

upon  the  variables  5  and  Ep  which  verify ;  Tr[a»Ep]  =  Tr[a*E] 

With  such  a  scheme,  we  noticed  that  the  "traction"  and  "compression"  behaviours  did  not  have  to  be 
distinguished,  even  if  they  appear  to  be  very  different  one  from  the  other  when  hardening  cu^es  are 
considered.  In  oider  to  measure  the  damages,  it  is  strictly  necessary  to  use  loading  and  unloading. 

MACRO  DAMAGE  MODELLING 

For  high  strenght  fiber  composites  one  can  suppose  that  only  the  shear  moduli  vary,  the  other 
elastic  characteristics  remaining  constant.  Moreover,  one  introduces  only  one  scalar  damage  variable 
such  tiiat : 

Gi2  =  (1  - d)  G®  ;  G23  =  (1  - d)  G°3  ;  G31  =  (1  - d)  Gj®^ 

These  expressions  can  be  derived  by  homogenisation  technics.  For  that  model,  the  damage  functions 
are :  8(1?)  =  0 

And  for  it  not  too  near  of  an  orthotropic  direction  where  a,  p,  y  are  the  components  of  1?: 

1  gg  pVG„  -I-  p2  yVG^  +  y^  aVG^, _ i_ 

1  -  dCif)  '  1  -  i 

Damage  evolution 

_  ...  ..,8  Ed  I  1 

The  conjugate  quantity  to  d  »s  :  <y:cst“^JT^*^ 

where  Ex  is  the  shear  energy.  The  quantity  Y  is  similar  to  the  energy  release  rate  it  governs  the 
damage  evolution  and  then  the  rupture.  For  3D  Carbon-Carbon  we  propose  the  following  model ; 

d  =  h  DC  +  gCL  Z)]  if  d  <  1  otherwise  d  =  1 ;  Z  =  <  Ou  +  022+033  >+;  Xj  =  sup.j  ^  ^  Yx 


h,  g  are  functions  depending  on  the  material.  For  example 
carbon  composites  of  the  AEROSPATIALE 


It  is  a  tridirectional  carbon-carbon 
composite.  The  carbon  fibres  are 
periodically  arranged  in  the  three 
directions  of  space.  Along  the  first 
direction,  the  carbon  fibres  have  a  square 
cross-section  made  up  with  four  strands 
of  3000  filaments  each.  The  other  fibres 
possess  a  rectangular  cross-section  made 
up  with  only  two  strands.  The  voids  are 
filled  up  by  carbon  matrix.  The  density  of 
this  materials  is  about  2. 


let  us  consider  the  case  of  3D  carbon- 


Fig  1  Description  of  the  materials 


These  functions  can  be  identiHed 
from  compression  and  tension  tests 
at  45°  in  an  orthotropic  plane. 

The  figure  2  presents  experimental 
results  for  three  tests : 

-  compression  test  at  45°  (plane  1-2) 

-  tension  test  at  45°  (plane  1-2) 

-  torsion  test  (axis  3) 


Daimge  evolution  for  several  ttsB 

The  figure  3  shows  the  hardening  function  derived  from  tension  and  compression  test  at  45°  (plane  1- 
2).  Tension  and  compression  behaviours  are  different 
The  effective  stress  and  strain  are 


The  elasticity  domain  is  defined 


fori^tj 

fori?ij 

by 

-r^O 


Fig  3  Tests  at  30°  (plane  1-2) 


o  descnbe  the  evolution  of  the  effecave  plastic  strain,  one  uses  an  associated  model  with  isotropic 
irdening  le  r  =  l(p),  1  can  be  identified  from  a  tension  test  at  45°  (orthotropic  plane) 
emarks  and  discussion: 

To  be  complete,  one  has  to  add  rupture  criteria  in  the  fibre-yams  directions :  -e^  <  E"  <  Ep 

'his  model  has  been  checked  on  numerous  experimental  and  give  satisfying  results  on  tension  and 
mpression  tests. 

vertheless  the  global  damage  notion  is  not  totally  adequate  to  describe  the  deterioration  of  the 
tenal.  Figure  3  shows  the  differences  between  the  damage  evolution  in  shear  behaviour  in  tension 
5ion  at  45  (orthotropic  plane)  and  in  compression.  A  more  refined  analysis  must  therefore  be  set 
irder  to  understand  such  phenomena. 


SO  DAMAGE  MODELLING 

n  if  it  is  difficult  to  distinguish  the  different  meso-constituents,  a  qualitative  analysis  of  test- 
im^s  after  rupture  shows  that  fibres-yams  were  slipping  during  the  test  up  to  the  point  where 
nterfaces  were  totally  destroyed.  So,  the  main  assumption  of  the  meso-modeling  is  that  damage  is 
to  a  progressiire  slipping  of  the  fibre-yams  along  their  axis.  Thus,  besides  matrix-blocks  and 
-yams  we  define  interfaces  between  fibre-yams  and  matrix-blocks  as  mechanical  meso- 
ituent.  Fibres-yams  Fibres-yarns  interfaces  are  assumed  to  be  very  weak  and  brittle.  Previous 
es  have  shown  that  fabrication  processes  greatly  modify  constituents  characteristics.  For 
pie  the  fibre-yams  modulus  seems  much  higher  than  before  fabrication.  Thus,  one  of  the  main 
ulty  IS  to  measure  the  constituents  characteristics  after  fabrication.  Bending  and  torsion  tests 
jsed  on  fibre-yam  specimens  which  were  taken  out  of  the  material  by  machining,  then  scrapped 
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and  calibrated  to  obtain  a  regular  crosss-section.  Non  standard  compression  tests  were  made  on 
specimens  for  which  one  fibre-yam  was  eliminated  by  machining. 

Maim blQgk,.bghaviow::.TOodgliPS  .  .  .  .  ,  ,  . 

The  matrix  possess  isotropic  isotropic  properties.  Their  behaviour  is  elasto-plasuc  with  damage;  but 
the  damage  phenomenon  of  matrix  blocks  is  not  important  as  regard  to  the  mean  behaviour.  So  a 
simple  Prandlt-Reuss  model  is  chosen  to  describe  its  anelastic  behaviour. 

Interface  behaviour-modeling  ,  .  ^ 

The  fibers-yam  fibers-yam  interfaces  are  assumed  to  be  very  weak  and  bnttle,  the  nbers-yam 
matrix  block  interfaces  seem  to  be  elastic  and  damageable.  Let  us  denote  kj  the  interface  rigidity,  kj 
0  corresponds  to  perfect  slipping  and  kj  =-1-  00  corresponds  to  perfect  bonding.  The  interface 
deterioration,  which  is  assumed  to  be  uniform  on  each  interface,  is  describe  thanks  to  a  function  f  of 
Y  and  R  .where: 


Y  =  I/2J  /  k£  dS  ,  z  =  log  k£ 

R  hardening  variable,  y  its  dual  variable ,  f(Y,R)  =  g(Y)  -  R  -  R© 


•  • 

One  has  :  z  =  Ap 


5  r  C  .r  ^ 

.  Y=  X*p  ,  where  Xp  >  0  and  ^  0  only  if  f  =  0  and  f  =  0 


Interface  behaviour-modeling 

The  aim  of  of  identification  is  to  determine  a  relation  ship  between  the  shear  energy  Y  and  he  strength 
of  the  interface.  An  accurate  analysis  of  the  cell  interface  and  the  results  of  compression  test  with 
shear  at  45®,  allows  these  parameters  to  be  found  ( Fig  4  -5). 


Fig.5:  Interface  damage  evolution 
RECONSTRUCTION  OF  THE  MEAN  BEHAVIOUR :  HOMOGENISATION 


By  using  the  classical  theory  of  asymptotic  homogenisation  [6]  one  can  show  that,  in  the  orthotropic 
axis,  the  local  shear  stresses  are  nearly  uniform,  the  local  strain  distributions  in  the  fibre-yams 
directions  are  uniform  too.  So  we  use,  even  in  the  non-linear  field,  a  mixed  formulation  to  rebuilt  the 
mean  behaviour  knowing  the  meso  one.  The  model  we  obtain  is  verified  on  different  tests  (fig.6-9) . 
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ABSTRACT 

Ceramic  matrix  composites  (CMCs)  made  of  ceramic  fibers  embedded  in  a  ceramic 
matrix,  offer  the  advantage  (with  respect  to  monolithic  ceramics)  of  being  tough  and 
damage-tolerant  materials.  Such  properties  are  observed  when  the  fiber-matrix 
coupling  is  optimized,  through  the  use  of  an  interphase  (e.g.  pyrocarbon)  during 
processing.  Chemical  vapor  infiltration  (CVI),  based  on  the  deposition  of  a  solid  from 
a  gaseous  predirsor  in  the  pores  of  a  fiber  preform  heated  at  a  moderate  temperature 
and  under  a  reduced  pressure,  is  well  suited  to  the  processing  of  CMCs.  2D-SiC/C/SiC 
composites  exhibit  a  non-lineaf  streSs-strain  behavior  in  tension  at  room  temperature 
and  an  outstariding  crack  propagation  resistance.  When  protected  against  oxidation, 
2D-SiC/C/SiC  composites  can  be  used  in  air  up  to  at  least  1200“C,  the  possible  limiting 
parameters  being  the  thermal  stability  of  the  fibers  and  the  carbon  interphase.  A 
variety  of  parts  have  been  already  fabricated  and  tested  for  applications  in  the 
aerospace  industry  field. 

INTRODUCTION 

There  is  an  increasing  demand  of  high  performance  materials  (in  terms  of  fatigue 
resistance,  stiffness  and  low  density)  in  the  aerospace  indushy  field  (e.g.  in  the  design 
of  structures  for  aircrafts,  spacecrafts,  satellites  as  well  as  in  that  of  advanced  jet  and 
rocket  motors).  Polymeric  matrix  composites  reinforced  with  e.g.  carbon  fibers  (high 
tension  or  high  ihodulus)  or  aramid  fibers,  are  well  suited  to  applications  with  service 
temperatures  close  to  room  temperature  (i.e.  up  to  about  200°C).  The  situation,  in 
terms  of  available  materials  and  technology  is  less  satisfactory  for  those  applications 
(e.g.  heat  shields,  motor  components)  involving  severe  environmental  service 
conditions  (i.e.  temperature  ranging  from  500  to  2000°C,  vacuum,  atmospheres 
containing  oxygeri).  A  few  families  of  ceramic  matrix  composites  (CMCs),  including 
hot-pressed  glass-matrix  composites  and  CVI-processed  SiC-matrix  composites  both 
reinforced  with  SiC-based  fibers,  are  promising  materials  for  such  applications. 
However,  our  knowledge  in  this  field  is  still  limited. 
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ADVANCED  CMCs 

Any  advanced  CMC  consists  of  at  least  three  main  components.  The  ceramic  fibers, 
R 

with  a  failure  strain  of  the  order  of  1%,  carry  an  important  part  of  the  load  (if  not 

all  the  applied  load  when  the  matrix  undergoes  microcracking).  The  fibers  are  often 
used  as  preforms  (which  are  porous  bodies  fabricated  e.g.  according  to  weaving 
techniques).  The  ceramic  matrix  carries  also  part  of  the  load  (particularly  at  low 
strains)  and  protects  the  fibers  against  the  effect  of  the  environment.  Since  the  matrix 

has  a  low  failure  strain  (typically  8^  =  0.1%  or  less),  CMCs  are  referred  to  as  inverse 

composites,  i.e.  when  they  are  loaded,  matrix  fails  first  (at  CT^^,  it  undergoes 
microcracking).  The  microcracks  arising  from  matrix  failure,  which  often  propagate  in 
mode  I,  generate  notch  effects  upon  the  fibers.  The  resulting  stress  concentration  at 
the  crack  tip  is  large  enough  to  yield  an  early  failure  of  the  fibers  when  the  fibers  are 
too  strongly  bonded  to  the  matrix.  The  fiber-matrix  coupling  is  controlled  during 
processing  :  (i)  the  coefficient  of  thermal  expansion  of  the  matrix  should  be  lower  (or 
of  the  same  order)  than  that  of  the  fiber  and  (ii)  the  chemical  bonding  should  be 
limited.  An  interphase  (the  third  component),  is  usually  inserted  between  fibers  and 
matrix.  Often  made  of  pyrocarbon  or  boron  nitride,  it  acts  as  a  mechanical  fuse 
(deflecting  the  matrix  microcracks  from  mode  I  to  mode  II  in  the  vicinity  of  the 
fiber/matrix  interface  and  thus  protecting  the  fibers)  and,  additionally  as  a  fiber  binder 
and  diffusion  barrier.  The  interphase,  a  quite  recent  concept  in  CMCs,  has  a  key  role  in 
the  understanding  of  their  tough  mechanical  behavior  and  effect  of  the 
environmental  parameters. 

CVI-PROCESSING  OFCMCs 

In  the  CVI-processing  of  CMCs,  the  starting  materials  are :  (i)  a  porous  fiber  preform 
and  (ii)  gaseous  precursors  of  the  matrix  jmd  of  the  interphase  (a  first  advantage  of 
CVI  lying  in  the  fact  that  the  same  process  can  be  used  to  form  both  materials). 

The  nature  of  the  fiber  preform  depends  on  that  of  the  related  CMC  part  (and 
particularly  on  its  loading  scheme  under  service  conditions).  It  can  be  a  simple  stack  of 
fabrics  maintained  pressed  together  with  a  tooling  (fig.  1)  for  thin  wall  structures  or  a 
more  complex  architecture  (usually  obtained  by  multidirectional  weaving  or  knitting 
techniques)  for  thick  wall  structures  or/and  complex  loading  pattern.  They  would  be 
referred  to  as  2D  and  nD  (with  n>3)  preforms.  The  ability  of  a  fiber  preform  to  be 
infiltrated  by  ceramic  gaseous  precursors  depends  on  both  its  shape  and  dimensions  as 
well  as  its  pore  spectrum. 

In  CVI,  a  solid  (e.g.  a  ceramic  material)  is  deposited  within  the  pore  network  of  a 
heated  substrate  (i.e.  the  fiber  preform)  as  a  result  of  heterogeneous  chemical  reactions 
taking  place  between  the  gaseous  species  of  the  precursor.  The  precursors  commonly 
used  are  :  CH4  for  carbon,  CHaSiCls  (MTS)-H2  for  SiC,  NH3-BX3  (with  X  =  F,  Cl)  for 
BN,  BCI3-CH4-H2  for  B4C  or  ZrCl4-C02-H2  for  Zr02  [1].  In  the  CVI-processing  of  CMCs, 
the  main  objective  is  to  fill  as  completely  as  possible  the  available  open  porosity  with 
the  ceramic  maiterial  and  thus  to  avoid  an  early  sealing  of  the  pores  by  the  deposit 
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(bottle-neck  phenomena).  Two  different  phenomena  control  the  rate  of  infiltration  of 
the  ceramic  material  in  the  pores  :  (i)  the  kinetics  of  the  chemical  reactions  and  (ii)  the 
mass  transfers  of  the  reactants  and  products  along  the  pores.  In  isothermal/isobaric 
CVI  (ICVI),  the  mass  transfers  occur  only  by  diffusion  (both  Knudsen  and  Pick 
diffusions,  the  former  being  predominant  in  pores  of  very  small  diameters).  It  has 
been  established  that  under  such  conditions,  the  infiltration  (in-depth  deposition)  is 
favored  with  respect  to  the  deposition  occuring  on  the  external  surface  of  the  preform 
when  (ii)  is  fast  with  respect  to  (i)  which  means  that  ICVI  should  be  performed  under 
low  T,  P  conditions  [1].  Moreover,  the  pore  spectrum  of  the  preform  and  the  partial 
pressures  of  the  various  species  in  the  gas  precursor  are  also  important  parameters.  In 
ICVI,  the  infiltration  exhibits  the  following  features  :  it  is  relatively  slow,  it  yields 
some  density  gradient  between  the  core  of  the  material  and  its  external  surface  (where 
the  amount  of  deposit  is  always  higher  even  under  optimized  conditions)  and  finally, 
it  results  in  composites  with  a  significant  residual  porosity  (the  infiltration  process 
being  stopped,  for  economical  reason  when  Vp  reaches  a  value  of  10-15%). 


ex. PCS  fiber 
cloth  stacking 


TJ 


fiber  preform  with 
tooling 


CVI 

unit 


chemical  overall  reactions :  2D.SiC/C/SiC 

interphase:  CH4(g) — ►C(s)+2H2(g) 
matrix:  CH3SiCl3{g)— SiC(sj*-3HCl(g) 


\ 

\ 

1 

1 

finishln^^/^ 


01  vacuum 
_ J  pump 


Fig.  1  :  CVI-processing  of  ceramic  matrix  composites  (schematic) 


The  feasibility  of  the  ICVI-processing  of  CMCs  has  been  established  for  a  variety  of 
ceramic  materials  including  :  C,  SiC,  B4C,  TiC,  BN  (and  to  a  less  extent  Si3N4),  AI2O3 
and  Zr02.  However  and  as  far  as  we  know,  it  has  been  transferred  to  industry  only  for 
carbon  and  silicon  carbide  [2].  In  order  to  increase  the  infiltration  rate,  it  has  been 
proposed  to  apply  a  pressure/ temperature  gradient  to  the  preform,  the  mass  transfers 
of  reactants /products  being  by  forced  convection  (FCVI)  [3].  Under  such  conditions, 
the  infiltration  duration  necessary  to  achieve  a  given  residual  porosity  in  a  given 
preform  has  been  reported  to  be  reduced  by  one  order  of  magnitude  (with  respect  to 
ICVI).  However,  FCVI  requires  specific  tooling  and  procedure.  Moreover,  it  seems 


-103- 


doubtfull  that  the  process  could  be  applied  to  preforms  of  complex  shapes.  Conversely, 
a  large  number  of  preforms  of  complex  shapes  (which  may  be  different  from  one 
another)  are  infiltrated  simultaneously  in  the  ICVI-process. 

The  various  steps  in  the  ICVI-processing  of  2D-SiC/C/SiC  composites  are  shown 
schematically  in  fig.  1.  The  starting  material  is  a  preform  made  of  ex-polycarbosilane 
fibers  (i.e.  fabrics  of  Nicalon-type  fibers).  It  is  first  infiltrated  with  a  carbon  interphase 
(a  few  100  nm  in  thickness)  and  then  with  a  SiC-matrix.  It  is  noteworthy  mat  such  a 
processing  approach  has  more  common  features  with  those  of  textile  industry  and 
chemical  engineering  than  with  the  processing  techniques  used  for  the  fabrication  of 
classical  ceramics. 

MECHANICAL  BEHAVIOR 

Well-processed  CMCs  (i.e.  composites  in  which  the  reinforcing  potential  of  the 
fibers  has  not  been  degraded  and  the  fiber/matrix  coupling  has  been  optimized,  e.g.  by 
use  of  a  proper  interphase)  exhibit  an  outstanding  mechanical  behavior  at  room 
temperature,  for  ceramic  materials  [4]. 

When  progressively  loaded  in  tension,  up  to  failure,  a  2D-SiC/C/SiC  composite 
exhibits  a  typical  non-linear  stress-strain  behavior  (load  applied  along  one  of  the  1,2 
axes  corresponding  to  the  warp  and  woof  directions  of  the  fiber  cloths  of  the  initial 
preform)  (fie.  2)  [5].  For  o<a  <0!^,  the  matrix  and  the  fibers  behave  elastically  and  the 

O  =  f(£ )  curve  of  the 
composite  is  linear  elastic 
(the  Young  modulus  being 
of  me  order  of  E  =  200  GPa). 
For  a  ^  <  0  <  O  ^ ,  the 
composite  is  progressively 
damaged  (as  evidenced  by 
the  high  intensity  of  the 
acoustic  emission  signal). 
However,  unloading  and 
reloading  cycles  show  that 
the  material  remains  linear 
elastic,  at  least  in  a  first 
approximation,  with  a 
decrease  in  Stiffness  (the 
residual  strain  at  zero  stress 
being  negligible).  It  is 
wormy  of  note  that  the 
failure  strain  of  2D- 
SiC/C/SiC  composites  is 
very  high,  ranging  from  0.2 
to  almost  1  %,  for  a  ceramic 

Fie  2  :  Mechanical  behavior  of  a  2D-  SiC/C/SiC  material  (i.e.  one  order  of 

composite  loaded  in  tension  (according  to  (5))  magnitude  higher  than  that 


tensile  strain  (%) 
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of  the  related  monolithic  ceramics).  Such  a  behavior  is  directly  related  to  the  role 
played  by  the  carbon  interphase  :  when  it  is  present,  the  brittle  SiC-matrix  can  undergo 
a  complete  microcracking  without  any  damage  to  the  fibers.  Under  such  conditions, 
the  fibers  become  progressively  debonded  from  the  matrix  (owing  to  the  deflection  in 
mode  II  of  the  matrix  microcracks)  and  can  be  strained  up  to  their  intrinsic  failure 
strain  (1%  for  ex-PCS  fibers). 

All  the  damages  that  occur  during  loading,  e.g.  in  a  3-point  bending  test  performed 
on  a  notched  specimen,  absorb  energy,  therefore,  the  resistance  to  crack  propagation  of 
2D-SiC/C/SiG  is  dramatically  improved  with  respect  to  the  related  SiC  monolithic 
ceramics  [4,  5].  Thus,  2D-SiC/C/SiC  composites  are  non-brittle  and  damage-tolerant 
materials,  like  metals  (but  for  different  reasons  ;  in  tough  CMCs  microcracking  and 
other  energy  absorbing  phenomena  play  a  role  similar  to  plasticity  in  metals). 

EFFECT  OF  ENVIRONMENTAL  PARAMETERS 

The  effect  of  environmental  parameters  (i.e.  temperature,  time  and  atmosphere) 
on  the  mechanical  behavior  of  model  unprotected  ID-SiC/C/SiC  [6,  7]  and  coated  2D- 
SiC/C/SiC  [8]  composites  has  been  studied  recently.  Two  material  parameters  play  an 
important  role  :  (i)  the  nature  of  the  fibers  and  (ii)  the  thickness  of  the  carbon 
interphase. 

High  temperature  tension  tests  performed  under  an  inert  atmosphere  have  shown 
that  the  room  temperature  failure  stress  of  SiC  (CVI)  matrix  2D-composites  is 
maintained  up  to  about  1000°C.  Beyond  this  limit,  a  decrease  is  observed  for  the 
composites  made  from  ex-PCS  fibers  which  is  thought  to  be  related  to  the  thermal 
degradation  of  the  fibers  (Nicalon  fibers  are  known  to  undergo  microstructural  change 
at  T>1000  -  1200°C).  However,  at  1400°C,  the  failure  stress  is  still  75%  of  that  at  ambient 
temperature.  Conversely,  an  increase  in  failure  stress  is  still  observed  for  2D-C/C/SiC 
composites  with  a  peak  value  at  1200°C  and  a  value  still  equal  to  0^(25°C)  at  1400®C. 
These  results  clearly  show  that  the  fiber  properties  govern  the  failure  behavior  of  the 
composites  at  1000  <T<1400®C  under  an  inert  atmosphere  [2,  7]. 

SiC-based  ceramics  are  known  to  exhibit  a  good  resistance  to  oxidation  at  high 
temperatures  which  is  related  to  the  growth  of  a  protective  silica  scale.  It  has  been 
recently  established  that  both  ex-PCS  fibers  and  SiC  CVI-matrix  have  such  a  behavior, 
the  oxidation  rate  of  the  former  being  higher  than  that  of  the  latter,  particularly  below 
1000°C  [8].  Oxidation  tests  performed  in  air  on  unprotected  ID-SiC/C/SiC  model 
composites  have  shown  that  two  chemical  phenomena  occur  :  (i)  the  consumption  of 
the  carbon  interphase  yielding  annular  pores  (whose  size  is  that  of  the  0.1  -  1  pm 
interphase)  and  gaseous  CO/CO2  species  and  (ii)  the  oxidation  of  both  the  fibers  and 
matrix  resulting  in  the  formation  of  silica.  When  the  interphase  is  thin  (i.e.  0.1  pm) 
and  temperature  high  enough,  this  silica  tends  to  seal  the  pores,  mainly  near  the 
composite  external  surface,  and  the  oxidation  of  the  carbon  interphase  is  stopped. 
Thus,  the  material  is  self-healing.  Since  this  property  is  no  longer  observed  at  low 
temperatures  (owing  to  the  fact  that  the  formation  kinetics  of  Si02  becomes  slow  vs 
the  oxidation  of  carbon),  a  coating  (seal-coat)  is  usually  applied  to  the  composite  at  the 
end  of  the  processing. 

The  effect  of  ageing  treatments,  performed  at  high  temperatures  in  air,  on  the 
tensile  mechanical  behavior  at  ambient  temperature  of  protected  2D-SiC/C/SiC 
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composites,  has  been  discussed  recently  by  Cavalier  et  al.  [2].  The  treatment  has  no 
significant  effect  on  both  (25°C)  and  £«  (25°C)  when  it  is  performed  below  800°C^  At 
1200®C,  it  results  in  no  change  in  (25‘’C)  but  in  a  significant  increase  in  (25°C). 
Finally,  for  T>1200°C,  a  decrease  in  (25°C)  is  observed  (fig.  3).  It  thus  appears  that 
well-processed  2D-SiC/C/SiC  composites  can  be  used  in  air  up  to  at  least  1200°C. 
Recent  applications  of  2D-SiC/SiC  ;  2D-C/SiC  and  3D-C/SiC  in  the  aerospace  industry 


has  been  reviewed  in  (2). 
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ABSTRACT 

Recent  advancement  of  science  requires  high  mechanical  properties  and  high 
thermal  resistivity' in  one  material.  Traditional  coating  or  sticking  of  ceramics 
on  metal  often  causes  troubles  at  the  interface  by  difference  of  thermal 
expansion  coefficients  between  ceramics  and  metal.  Functionally  gradient 
materials (FGMs )  are  hopeful  for  relaxation  of  stress  at  the  interface.  Science 
and  technology  agency  of  Japan  started  a  project  to  develop  FGM.  Four  processes, 
gaseous,  powder  configuration,  spraying  and  SHS  processes,  are  adopted  for 
fabrication.  Each  process  has  its  own  features  in  material  system,  size  and 
properties,  etc.  A  proper  process  and  material  system  should  be  selected  to  fit 
its  applying  part. 

INTRODUCTION 

Recently,  energy  consumption  has  been  enormously  growing  and  limited  energy 
resources  are  abruptly ' decreasing.  One  of  the  solution  is  developing  a  heat 
resistive  structural  material  to  improve  the  efficiency  of  energy  utility.  High 
strength,  high  modulus  and  high  toughness  are  usually  required  for  structural 
member  and  heat  resistivity  is  important  for  energy  efficiency.  In  the  case  of 
aero*  or  space  use,  high  strength  and  high  modulus  to  weight,  i.e.  high  specific 
strength  and  high  specific -modulus  are  also  important. 

Generally  speaking,  metals  have  well  balanced  mechanical  properties  as  a 
mechanical  member.  On  the  other  hand,  ceramics  are  superior  to  metals  regarding 
heat  resistance.  Traditional  alloys  or  dispersion  strengthened  metals  .  has 
uniform  composition,  and  the  properties  are  also  uniform  as  shown  in  Fig.l  a). 
These  materials  are  difficult  to  have  high  mechanical  properties  and  thermal 
resistance  simultaneously.  Then  ceramics  are  often  coated  on  a  metal  as  shown  in 
Fig.l  b).  In  this  case,  all '  properties  have  discontinuity  at  the  interface.  When 
the  material  is  heated  up,  it  is  often  broken  at  the  interface  by  large  thermal 
stress  generated  by  difference  of  thermal  expansion  coefficients. 

New  idea  was  presented  as  shown  in  Fig.l  c),  where  the  sharp  interface  was 
eliminated.  This  is  the  FGM( functionally  gradient  material).  As  the  FGM  is  based 
on  a  new  idea,  no  traditional  methods  can  be  applied  to  design,  to  fabricate  and 
to  evaluate.  Therefore  Science  and  Technology  Agency  of  Japan  has  promoted  a 
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project  to  develop  FGM  since  1987.  There  are  various  FGMs,  e.g.  various 
thickness  and/or  combination  of  materials,  then  a  proper  FGM  should  be  used 
depending  on  applying  parts.  For  example,  a  thin  FGM  layer  is  desirable,  when  a 
heat  resistive  material  is  coated  on  a  cooled  part.  Because  the  cooling  is 
effective  up  to  the  surface  of  the  heat  resistive  layer.  On  the  other  hand, 
thick  FGM  is  suitable  for  abrasive  resistance.  In  this  paper,  fabrication  and 
properties  of  FGMs  are  reported* 

EXPERIMENTAL  PROCEDURE 

Fabrication  processes  of  FGMs  in  the  project  are  roughly  classified  into 
four;  gaseous  process,  powder  configuration  process,  plasma  spraying  process  and 
SHS(self  propagating  high  temperature  synthesis)  process.  Less  than  1mm  o 
thickness  is  usually  obtained  by  gaseous  process,  and  more  than  1mm  by  powder 
configuration  and  SHS  processes.  Spraying  process  is  placed  in  the  middle. 

Gaseous  Process 

Compact  and  thin  layers  on  a  substrate  can  be  obtained  by  gaseous  process. 

The  thickness  of  the  layer  is  usually  less  than  1  mm,  though  it  depends  on 

fabricating  time.  Gaseous  process  is  roughly  divided  into  two  methods; 
PVD(physical  vapour  deposition)  and  CVD(chemical  vapour  deposition). 

PVD  is  the  process  to  obtain  a  material  from  vaporized  metal.  If  some 

reaction  gas,  e.g.  oxygen,  nitrogen  or  hydrocarbon  is  introduced  in  the  metal 
vapour,  oxide,  nitride  or  carbide  can  be  formed  as  a  thin  film  on  a  substrate. 
If  the  flow  rate  of  reaction  gas  is  medium  of  0  and  sufficient  amount  to  form 

ceramics,  the  deposited  material  consists  of  two  or  more  phases(l).  Resistance 

heating,  electron  beam  heating  or  plasma  heating  by  BCD  (hollow  cathode 
discharge)  is  usually  used  to  evaporate  the  source  metal.  In  this  experiment,  an 
BCD  type  instrument  as  shown  in  Fig. 2,  was  used  because  the  plasma  can  ionize 
the  metal  vapour  to  allow  reaction  with  reaction  gas  to  form  ceramics.  Specially 
degassed  pure  Ti  or  Cr  was  used  for  source  metal.  Pure  nitrogen  or  pure  propane 
was  used  for  reaction  gas.  When  the  flow  rate  of  the  reaction  gas  was 

continuously  increased  from  zero  to  sufficient  flow  rate  to  form  a  ceramics,  the 
composition  of  the  deposited  film  changes  continuously  from  metal  to  ceramics. 

In  the  CVD  process,  a  metal  or  semi-metal  halide  gas  is  pyrolitically 
decomposed  to  form  the  metal  or  semi-metal  film  on  a  substrate.  When  a  reaction 
gas  is  mixed  in  the  halide,  a  carbide  or  a  nitride  can  also  be  formed.  Recently, 
plasma  CVD  or  hybrid  plasma  CVD  are  popularly  used,  in  which  RF  or  RF+DC  is 

applied  during  the  reaction.  In  this  project,  an  instrument  as  shown  in 

was  used(2).  SiCl^+C^^B  +B2  mixture  gas  was  used  to  form  an  FGM  in  which  the 
composition  was  gradually  changed  from  carbon  to  SiC. 

Powder  Configuration  Process 

This  process  is  roughly  divided  into  dry  and  wet  processes.  Dry  process  is 
an  improved  powder  metallurgy (P/M)  process.  The  P/M  process  involves  the 
following  sequent  steps;  the  selection  of  combination  of  metals  and  ceramics, 
designing  of  the  optimum  compositional  distribution,  stepwise  or  continuous 
stacking  of  powder  premixes  according  to  the  pre-designed  compositional  profile, 
the  compaction  and  subsequent  cold  isostatic  pressing  of  the  stacked  powder  and 
sintering  of  the  pressed  compact.  The  spray  deposition  of  the  mixed  powder  was 
developed  for  the  fine  powder  stacking  as  shown  in  Fig. 4.  Preliminary  investiga 
tion  have  been  carried  out  on  several  materials  of  heat  resistive  ceramics  an 
ductile  metals.  Material  combinations  of  zirconia/stainless  steel  and  zirconia/ 
molybdenum  were  investigated  in  detail  to  optimize  the  process  variables. 
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Wet  process  is  a  method  to  use  slurryO).  This  FGM  fabrication  method  is 
based  on  doctor  blade  process  to  prepare  a  thin  sheet  of  ceramics.  Metal  and 
ceramic  powders  of  various  mixing  ratios  were  blended  with  an  appropriate  binder 
materials,  subjected  to  defoaming  under  low  vacuum.  Thin  sheets  of  a  given 
composition  were  prepared  by  doctor  blade  process.  The  thickness  of  a  green 
sheet  was  in  the  range  of  several  tens  micron-meter  and  2mm.  The  green  sheets 
were  layered  in  order  of  composition,  and  were  pressed  to  form  a  stepwisely 
graded  sheet  material.  The  pressed  sheet  was  debinded  at  an  appropriate 
temperature  and  sintered.  Overall  process  of  this  process  is  shown  in  Fig. 5.  The 
sintering  balance  problem  which  would  cause  various  sintering  faults  was  also 
specific  to  the  method,  as  in  the  case  of  dry  method.  The  variation  of  sintering 
rate  with  composition  was  minimized  by  controlling  powder  size  distributions. 

Spraying  Process 

types  of  spraying  have  been  employed  for  the  preparation  of 
compos itionally  gradient  coatings;  single-gun  method(4)  and  two-gun  method{5). 

In  the  case  of  single-gun  method,  metal  and  ceramic  powders  were  fed  into  a 
spray  gun  through  different  ports  and  mixed  in  a  flame.  Fig. 6  shows  a  schematic 
illustration  for  one-gun  method.  Low-pressure  plasma  spraying  using  single-gun 
was  also  investigated.  The  composition  was  controlled  by  changing  the  flow  rates 
of  powder  carrying  gas  for  two  kinds  of  starting  powders.  The  temperature 
distribution  in  the  plasma  flame,  the  passing  time  of  powder  particles  in  the 
flame  and  the  velocity  of  liquid  and  semi-liquid  droplets  were  controlled  to 
obtain  a  defect-free  and  finely  dispersed  microstructure  with  well-defined 
compositional  profile.  These  specific  features  of  single-gun  method  were 
controlled  by  an  appropriate  design  of  plasma  gun,  electric  current  and  voltage, 
plasma  gas  species  and  spraying  distance  between  gun  and  substrate. 

Two-gun  method  was  also  investigated  in  this  project.  Two  plasma  guns  were 
obliquely  settled  above  the  substrate  as  shown  in  Fig. 7.  Metal  and  ceramic 
powders  were  introduced  into  different  guns  to  form  a  coated  layer  of  metal  and 
ceramic  mixture.  The  mixing  ratio  of  two  powders  was  controlled  by  changing  the 
powder  feeding  rates  of  the  both  guns.  Typical  spraying  condition  for  two-gun 
method  in  this  project  is  shown  in  Fig. 7. 

SHS  Process 

SHS  process  was  also  applied  to  fabricate  an  FGM  of  the  mixtures  of  metals 
and  borides,  carbides  and  nitrides( 6, 7 ) .  The  constituent  powders  were  stacked 
layer  by  layer  according  to  the  pre-designed  profile  in  a  mold,  and  were  pressed 
isostatically  at  room  temperature  to  form  a  green  compact.  The  compact  was 
placed  in  a  pressure  vessel,  and  was  ignited  at  the  one  end.  The  synthesis 
reaction  propagated  towards  the  other  end  of  the  compact,  while  the  compact 
densified  under  the  isotropic  pressure.  Fig. 8  shows  SHS  process  using  specially 
designed  hydrostatic  pressure  vessel(6).  Fig. 9  shows  an  alternative  SHS  method 
to  fabricate  bulk  FGM(7),  The  green  compacts  were  mounted  in  a  powdered  ignition 
agent.  The  one  end  of  the  medium  is  ignited  under  isotropic  gas  pressure.  The 
green  FGM  compact  was  heated  with  exothermic  reaction  of  the  medium  up  to 
ignition  temperature  and  then  eventually  the  SHS  reaction  occurred  in  the 
compact,  along  with  the  simultaneous  densif ication.  This  method  enabled  to 
produce  many  FGM  compacts  at  the  same  time. 

RESULTS  AND  DISCUSSION 

Gaseous  Process 

Ti  to  TiN,  Ti  to  TiC,  Cr  to  CrN  FGM  etc,  were  obtained  by  PVD.  Crystal 
sizes  of  all  the  FGMs  by  PVD  were  of  sub-micron  order,  A  typical  example  of  Ti 
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to  TiN  FGM  is  shown  in  Fig. 10.  No  obvious  boundary  of  metal  and  ceramics  or 
grain  boundary  is  observed  in  this  figure.  However,  the  2^==® 
indentations  decreases  gradually  from  the  bottom,  to  the  top  of  t  e  '  ” 

indicates  the  gradual  compositional  change  from  Ti  to  TiN.  Thermal  stability  of 
Ti  to  Tie  FGM  on  a  stainless  steel  substrate  was  investigated,  and  it  was  found 
that  randomly  oriented  small  crystal  size  of  TiC  was  stable. 

C/C  composite  is  hopeful  as  an  high  specific  strength  and  modulus  material. 
However,  preventing  oxidation  at  a  high  temperature  is  essential  or 
application.  Traditional  coatings  of  SiC  on  C  often  causes  interfacial  problems. 
Then  C  to  SiC  FGM  on  C  by  CVD  was  investigated  in  this  project.  Fig. 11  shows  the 
C  content  in  NFGM( Non-FGM)  from  methane  and  propane,  which  were  produced  at 
1173K  under  1.3kPa(2).  The  C  content  depended  on  the  source  gas,  even  the 
deposition  was  achieved  by  the  same  SiC/C  ratio  in  gas  phase.  From  this  result, 
it  is  obvious  that  control  of  the  composition  in  FGM  by  using  propane  is  easier 
than  using  methane.  Higher  pressure  in  the  range  of  1  to  40kPa  is  better  to 
obtain  a  wide  range  of  SiC/C  ratio  in  FGM  as  shown  in  Fig. 12(2).  Morphology  of 
the  cross  section  of  C  to  SiC  FGM  and  corresponding  Si  distribution  are  shown  in 
Fig.l3(2) . 

Powder  Configuration  Process  .u  •  i 

In  the  case  of  dry  process,  main  points  are  similar  to  the  conventional 
powder  metallurgy.  However,  powder  compacts  with  different  mixing  ratios  of 
metals  and  ceramics  showed  different  sintering  behaviours  as  shown  in  Fig. 14. 
Fine  adjustment  of  sintering  behaviours  was  accomplished  by  the  size  control  of 
the  starting  powders.  Fig. 15  shows  an  example  of  sintering  adjustment  in  which 
sintering  unbalance  was  almost  eliminated,  though  with  small  difference  in  net 
shrinkage.  The  troubles  caused  by  the  sintering  unbalance  was  avoided  by 
pressure  sintering,  i.e.,  by  hot  pressing  and  hot  isostatic  pressing.  At  present 
disk-shaped  samples  were  fabricated  by  hot  pressing,  while  pressureless 
sintering  was  applied  to  short  and  long-sized  cylindrical  samples. 

Sintered  FGM  shows  a  characteristic  microstructural  transition  with 
compositional  variation,  as  schematically  shown  in  Fig. 16.  With  increasing  in 
the  mixing  ratio,  the  connectivity  of  the  particles  increases  and  a  skeletal 
network  is  formed.  The  network  changes  to  the  alternative  dispersive 
microstructure  towards  the  other  end  of  the  material. 

Minimum  thickness  of  compositional  control  depended  on  the  particle  sizes 
of  the  starting  powders  and  on  the  method  of  powder  stacking.  Conventional 
layer-by-layer  process  gave  0.2mm  of  minimum  compositional  control  thickness, 
while  thickness  of  O.Olmm  was  accomplished  by  the  spray  deposition  technique 
which  was  shown  in  Fig. 17. 

Thermal  expansion  coefficient  and  thermal  conductivity  of  the  present 
metal-ceramic  mixture  were  found  to  show  a  characteristic  change  with 
composition,  as  shown  in  Figs. 18  and  19.  Electrical  conductivity  showed  similar 
tendency.  The  sinuos  curves  in  these  diagrams  are  explained  qualitative  y  as  a 
transition  between  two  curves  which  are  given  by  the  maxwell  relation  for  t  e 
two  curves  dispersive  structures 

In  the  case  of  wet  process,  thin  sheets  without  defects  have  to  be  obtained 
in  every  compositional  ratio  of  metal  and  ceramic  powders.  The  defects  are 
usually  caused  by  shrinkage  during  drying  process.  Selection  of  proper  specific 
surface  area  of  powder  was  essential  to  avoid  the  defectsO).  Sintering  balance 
was  also  important  as  same  as  dry  processO)*  By  thin  sheet  laminating  process, 
disk-shaped  FGMs  of  30mm  in  diameter  were  obtained  in  the  system  of  Zr02“ 
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3Y203/Ni. 


Spraying  Process 

Low-pressure  plasma  spraying  using  single-gun  under  a  pressure  of  50-80 
Torr,  was  successful  to  get  uniform  coatings.  A  finely  controlled  FGM  of  4mm 
thickness  was  obtained  for  Zr02-8Y203/Ni“20Cr  by  single-gun  process. 

Fig. 20  shows  an  cross  section  of  FGM  of  Zr02”8Y203/Ni-Cr-Al-Y  on  a  stain  - 
less  steel  substrate  by  two-gun  process.  The  spraying  conditions  are  noted  on 
the  figure.  Gradual  compositional  change  is  obviously  observed  in  both  figures. 
However,  pores  are  observed  at  the  top  ceramics  part.  The  pore  content  in  right 
side  is  higher  than  the  others.  Therefore- higher  angle  in  Fig. 7  is  desirable  for 
compact  FGM. 

SHS  Process 

The  disk-rod  shaped  FGM  in  systems  of  TiC/Ni,  TiB2/TiC  and  TiC/Al203  were 
obtained  by  using  powder  mixture  of  Ti  and  C  as  the  ignition  agent.  Though 
starting  compositions  were  only  for  steps,  the  sintered  product  showed  a 
continuous  structural  change  as  shown  in  Fig. 21 (6).  The  result  of  compositional 
analysis  by  EPMA  revealed  continuous  compositional  change(6,7). 

CONCLUDING  REMARKS 

Four  main  processes  were  adopted  to  fabricate  FGMs.  Each  process  has  its 
own  features  in  material  system,  size  and  properties,  etc.  Though  only  a  thin 

layer  can  be  obtained  by  gaseous  process,  but  the  structural  and  compositional 

gradient  can  be  controlled  very  finely.  On  the  other  hand,  thick  FGM  can  be 
obtained  by  processes  using  powders  as  starting  materials,  but  minimum 

controlling  range  is  larger  than  gaseous  processes.  A  proper  process  and 
material  system  should  be  selected  to  fit  its  applying  part. 
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abstract 

Glass  ceramic  and  covalent  matrix  ceramic  composites  are  promising  candidates  for 
structural  applications.  Cost  effective  liquid  processing  routes  either  by  injection  moulding  for 
the  glass  ceramic  matrix  or  by  infiltration  of  the  fibre  preform  by  a  polymenc  precursor  and 
subsequent  pyrolysis  for  the  covalent  matrix  have  been  developped.  ms  last 
leads  in  the  case  of  silicon  carbide  matrix  to  mechamcal  properties  similar  to  that  obtained  by 
the  conventional  CVI  technique.  A  micromechanics  study  has  further  co^rmed  the  prime  role 
of  the  fibre-matrix  shear  strength  on  the  failure  mode  and  mechamcal  properties  of  the 
composite,  and  the  absolute  necessity  to  control  this  parameter  to  imure  a  dissipative  failure. 
An  instrumented  micro-indentation  technique  has  been  developped  to  achieve  this  end. 

INTRODUCTION 


The  need  for  increased  paying  load  in  aeronautical  civil  aircraft  as  well  as  improved 
performance  and  efficiency  in  jet  engines  has  resulted  in  a  contmuous  decre^e  in  the  structure 
weight.  This  decrease  in  the  structure  weight  leads  to  a  large  demand  for  the  development  o 
low  density  materials  with  an  enhanced  environmental  resistance,  able  to  operate  at  high 
temperatures  under  high  stresses. 

Moreover,  among  all  the  criteria  involved  in  the  choice  of  new  structural  materials,  the 
cost/performance  ratio  is  today  of  prime  importance  for  aircraft  and  engine  components  and 
the  development  of  new  processing  routes  leading  to  shorter  manufacturing  cycles  appears  as 
one  of  the  main  ways  to  achieve  sensible  cost  reductions. 


Ceramic  Matrix  Composites  (CMCs)  appear  as  promising  materials  to  meet  the  two 
former  requirements,  due  to  a  unique  set  of  combined  properties: 

-  a  high  temperature  capability  up  to  2000°  C, 

-  high  specific  strength  and  stiffness, 

-  a  low  specific  gravity, 

-  a  good  environmental  resistance, 

-  a  damage  tolerant  mechanical  behaviour. 
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An  illustration  of  the  capability  of  ceramic  matrix  composites  is  given  on  Fig.  1,  which 
compares  the  evolution  of  the  specific  strength  of  CMC’s  versus  temperature  with  that  of  the 
main  materials  currently  used  in  the  aerospace  industry.  Among  all  the  potential  candidates, 
glass  ceramic  matrix  and  covalent  matrix  composites  appear  as  the  most  prominent  materials 
due  to  their  ability  of  being  processed  by  cost  effective  liquid  routes. 


Specific  strength 
(10-5m2/s2) 


Temperature  (°C) 


Fig.  1.  Compared  specific  strength  versus  temperature 
for  CMC  and  the  materials  most  widely  used 
in  aeronautical  industries 


MECHANICAL  BEHAVIOUR  OF  CERAMIC  MATRIX  COMPOSITES 

Avfeston,  Cooper  and  Kelly  (ACK>  Model  and  SiC/Glass  Ceramic  ComDo.site  Rehavinnr 

The  non  brittle  rupture  observed  in  some  ceramic  matrix  composites  -  in  fact  it  will  be 
more  accurate  to  say  a  dissipative  failure  -  mainly  originates  from  the  weak  bond  between  the 
fibre  and  the  matrix  allowing  the  matrix  crack  to  be  diverted  or  to  outpass  the  fibres  without 
breaking  them,  thus  allowing  multicracking  of  the  matrix,  without  composite  failure,  to  develop; 
on  the  opposite,  if  the  fibre  and  the  matrix  are  strongly  bonded  together,  the  crack  grows 
straightforward,  ignoring  the  fibres,  thus  leading  to  a  brittle  failure  with  a  flat  rupture  surface, 
'^e  understanding  of  this  particular  behaviour  of  CMC’s  constituted  of  two  brittle  phases  was 
first  proposed  by  Kelly  et  al.  [1]  who  show  that,  in  unidirectional  composites,  multifissuration 
of  the  matrix  throughout  the  whole  specimen  cross-section  occurs,  leading  to  the  specific  shape 
of  the  stress-strain  tensile  curve  illustrated  on  Fig.  2.  This  curve  comprises  the  three  following 
domains: 

-  a  first  elastic  domain  which  ends  with  the  first  matrix  crack; 

-  a  plateau  region  corresponding  to  multicracking  of  the  matrix  occuring  at  the  constant 
rupture  stress  of  the  matrix; 

-  finally,  a  linear  stage  corresponding  to  incremental  loading  of  the  fibres  alone,  leading  to 
an  apparent  modulus  of  E^V^;  this  third  stage  ends  at  the  failure  stress  of  the  fibres  within 
the  composite 
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ACK  further  demonstrate  by  a  keen  micromechanics  analysis  based  on  a  global  energetic 
approach  that  the  dissipative  failure  of  the  composite  requires  fibre-matrix  debonding  in  front 
of  the  matrix  crack,  and  that  the  rupture  stress  of  the  matrix  within  the  composite  -  defined 
as  the  stress  at  which  the  first  matrix  crack  has  entirely  crossed  the  specimen  section  -  might 
be  higher  than  that  of  the  matrix  alone. 

In  this  former  linear  mechanics  approach  ACK  made  the  assumption  that  the  matrix 
rupture  stress  was  unique,  which  is  of  course  not  the  case  since  the  rupture  stress  of  ceramics 
is  known  to  obey  a  Weibull  distribution  law.  This  distribution  of  the  matrix  rupture  stress  could 
of  course  account  for  the  different  shape  of  the  tensile  curve  observed  for  most  of 
unidirectional  CMC’s,  which  exhibits  a  somewhat  smoother  form  with  no  plateau  region  as 
illustrated  on  Fig.  3  for  a  SiC/glass  ceramic  unidirectional  composite.  In  fact,  observation  ot 
SiC/glass  ceramic  composites  specimens  during  the  tensile  test  using  an  optical  microscope 
reveals  that  the  matrix  cracks  do  not  propagate  instantaneously  throughout  the  whole  speCiinen 
cross-section  as  stated  previously  by  ACK.  Development  of  the  matrix  multicracking  has  thus 
been  shown  to  happen  in  three  stages: 

-  firstly,  the  nucleation  of  small  microcracks,  most  of  them  appearing  in  the  vicinity  of  the 
fibres’ at  the  end  of  the  elastic  domain  (Fig.  3a); 

-  secondly,  the  growth  of  transverse  macrocracks  responsible  for  the  composite  stiffness  loss 
(Fig.  3b); 

-  thirdly,  the  development  of  the  macroscopic  matrix  multicracking  throughout  the  whole 
specimen  gauge  length. 
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strain  rate  :  0.1  mm/mn 


Initiation  of  crack 


Fig.  3.  Tensile  stress-strain  curve  for  a  unidirectional 
SiC-Nicalon/LAS  composite  (Vf  =  37%)  exhibiting  the  different 
damaging  stages  and  the  number  of  matrbc  macrocracks 


A  keen  observation  of  the  development  of  these  macrocracks  reveals  that  their  growth 
rate  is  either  stable  or  unstable  depending  upon  their  distance  from  the  fibres;  a  fast  growth 
rate  was  observed  away  from  the  fibres  while  a  slow  growth  rate  was  always  shown  to  exist  in 
the  immediate  vicinity  of  the  fibres.  This  influence  of  the  matrix  crack  distance  from  the  fibres 
on  their  growth  rate  clearly  evidences  the  strong  crack  closing  effect  arising  from  the  stiffener 
role  played  by  the  fibres.  These  observations  lead  to  the  following  conclusions: 

-  the  absence  of  a  plateau  region  in  the  tensile  curve  of  the  SiC/glass  ceramic  composite  is 
not  due  to  pre-existing  flaws  within  the  matrix,  but  related  to  the  matrix  crack  growth; 

-  a  more  accurate  prediction  of  the  CMC’s  behaviour  in  tension  must  rely  on  a  local  fracture 
mechanics  approach,  taking  the  crack  growth  stage  into  account. 

Rupture  Mechanics  Approach  of  the  Matrix  Multifissuration 

A  local  matrix  crack  growth  modelization  based  on  the  same  assumptions  as  those  stated 
by  ACK  regarding  the  fibre-matrix  load  transfer  by  shear  has  been  developped  for  a  single 
fibre  layer  unidirectional  composite  by  P6r^s  [2].  In  this  simulation,  the  crack  growth  rate  is 
computed  using  an  energy  balance  taking  into  account  the  energy  released  rate  at  the  crack 
tip.  The  released  energy  AU  during  the  crack  growth,  for  a  constant  stress  loading,  is  therefore 
half  the  value  of  the  sum  of  the  work  done  by  the  external  forces  and  that  resulting  from  the 
friction  stresses  during  the  glide  of  the  fibres  in  their  matrbc  sheaths.  The  variation  of  this  work 
as  a  function  of  the  crack  length  a,  calculated  for  each  step  of  the  crack  growth  Aa,  is  plotted 
on  Fig.  4a  and  4b  for  a  fully  rigid  fibre-matrbc  bond  and  a  weak  fibre-matrix  bond  respectively. 
The  energy  released  at  the  crack  tip  is  a  pseudo-periodic  function  of  the  crack  length  with  a 
series  of  minima,  the  lower  each  minimum,  the  higher  the  fibre-matrix  cohesion. 


RIGID  INTERFACE 
TO  =  CO 


Fig.  4.  Energy  released  at  the  crack  tip 
during  the  crack  growth  for  each  propagation  step 
a)  With  no  fibre-matrix  displacement  at  the  interface 
b)  With  decohesion  and  glide  at  the  fibre-matrix  interface 


The  minimum  value  of  the  energy  released  at  the  crack  tip  increases  during  the  crack 
growth  so  much  the  more  as  the  interfacial  shear  strength  decreases.  The  total  energy  released 
during  the  crack  growth  is  well  depicted  by  the  area  subtended  by  the  pseudo-periodic  curve. 
Therefore,  a  weak  fibre-matrix  shear  strength  will  lead  to  a  high  value  of  the  energy  released 
during  the  crack  growth,  and  then  to  a  non-brittle  dissipative  failure. 

This  local  crack  growth  computed  simulation  clearly  evidences: 

-  firstly,  the  stiffener  role  played  by  the  fibres  in  a  way  similar  to  what  is  observed  in  a 
stiffened  metallic  panel; 

-  secondly,  the  primary  importance  of  the  value  of  the  fibre-matrix  interfacial  friction  shear 
stress  relative  to  the  dissipative  failure  energy  of  the  composite,  the  lower  the  friction  stress, 
the  higher  the  energy  released  at  failure,  provided  that  this  firiction  stress  remains  higher 
than  the  threshold  value  insuring  a  sufficient  fibre-matrix  load  transfer  for  the  composite 
to  work. 

Therefore,  processing  of  non-brittle  CMC’s  requires  an  accurate  control  of  this  parameter, 
which  can  be  achieved  using  the  instrumented  micro-indentation  technique. 

Instrumented  Micro-indentation  and  Fibre-matrix  Interface  Control 

_  The  instrumented  micro-indentation  technique  presents  relative  to  the  micro-indentation 
test  first  used  by  Marshall  [3]  the  advantage  of  a  precise  determination  of  the  fibre-matrix 
friction  stress  due  to  a  simultaneous  recording  of  the  applied  load  and  the  fibre  displacement. 

/ 
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A  typical  load-displacement  curve  exhibits  the  three  following  stages  (Fig.  5): 


-  the  first  stage  which  corresponds  to  the  indentation  of  the  fibre  ends  with  debonding  of  the 
fibre  from  the  matrix; 

-  the  second  stage,  which  corresponds  to  the  glide  of  the  debonded  length  of  the  fibre  in  its 
matrbc  sheath,  ends  when  the  indenter  reaches  the  matrbc; 

-  the  third  one  corresponds  to  the  indentation  of  the  matrix. 

Fibre  Fibre  Indenter  reaching 

deformation  matrix  glide  the  matrix 


Fg 

40 


30 


20 


10 


Unidirectional  Sic-Nicalon/Las  vitroceramic 

Fig.  5.  Instrumented  Vickers  indentation  test: 
load  versus  displacement  curve 


Exploitation  of  the  second  stage  of  the  load-displacement  curve  using  a  simple  shear-lag 
analysis  allows  to  derive  a  constant  value  of  the  interfacial  friction  shear  stress. 

As  an  illustration.  Table  1  shows  the  results  obtained  with  SiC/LAS  composites 
manufactured  at  ONERA,  using  different  fibre  coatings,  so  as  to  achieve  a  precise  control  of 
the  fibre-matrix  interface  characteristics. 


TABLE  1.  Mechanical  properties  of  ID  SiC/LAS  composites 
in  relation  with  the  fibre-matrix 
interfacial  friction  shear  stress  x; 


Composites 

(MPa) 

Flexural 

strength 

Feature  of 
the  rupture 

SiC/LAS 

11 

1020 

Dissipative 

(pull-out) 

SiC+ C/LAS 

20 

600 

Rough  rupture 
surface 

SiC + Nb20^/LAS 

25 

580 

Rough  rupture 
surface 

It  is  then  obvious  that  the  flexural  strength  and  the  rupture  mode  are  strongly  related  to 
U.e  fib^rixTX  tricion  stress,  h  .hat  panicular  composite,  a  disslpattve  tatlure  mode 
was  only  obtained  with  uncoated  Nicalon  fibres. 


the  main  processing  routes  in  use  for  ceramic  matrix  composites 

Most  of  the  ceramic  corr^osites  in  use  today  in  the  aerospace  industry  are  designed 
Rtfirtino  from  the  fibre  preform  Therefore,  processing  of  these  composite  components  cannot 
“;'“tf  Sr/^  'e^S^iu  use  for  it^olithic  ceramics,  for  the  wo  following  reasons: 

.  the  limited  thermal  stability  of  oxide  or  silicon^arhide  fibres  does  no.  allow  tbeir  hold  a. 
the  temperature  level  of  a  sintering  cycle; 

-  the  constraining  of  shrinkage  due  to  the  presence  of  fibres  will  lead  to  wholly  cracked 
components. 

That  are  the  reasons  why  CMC  processing  mainly  relies  on  techniques  based  on  the 
*  fitratinn  nf  the  fibre  preform  The  matrix  is  then  obtained  by  the  decomposition  of  a  gas 
"e"  tofflmtaoraXid  glassy  phase  or  the  pyrolysis  of  an  infiltrated  and  cured 

polymeric  precursor. 

The  Chei"'<*al  Vanor  Infiltration  (CVI)  Technique 

CVI  reactors  for  composite  processing  generally  operate  under  i^sothermal  conditions  at 
low  dLmposition  rates,  thus  allowing  the  manufaaure  of  “S"rn  o”v  be 

good  in-depth  matrix  homogeneity.  However,  this  good 

thieved  through  several  infiltration  cycles  with  intermediate  machining  of  the  cotnponenis. 
mt^ro^oL  leads  to  good  quality  components  a.  the 

f several  months)  which  remain  however  acceptable  for  aerospace  industry.  CVT  ceraimc  inatrw 
SSi.™S^fhL  been  developped  in  France  by  SEP  [4]  "-aWy  for  the  producon  of 
SiC/SiC  and  C/SiC  components  today  in  use  on  rocket  or  turboprop  engines. 
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Nevertheless,  the  long  processing  time  necessary  for  the  CVI  manufacturing  route  has, 
for  the  time  being,  restricted  the  use  of  CMC  components  to  the  aerospace  industry  for  cost 
effectiveness  reasons.  Improvements  of  the  CVI  technique  in  view  of  reducing  the  processing 
time  have  been  proved  to  be  successful.  It  is  worth  mentioning  the  low  pressure  reactor  vessel 
designed  by  the  ORNL  in  the  United  States  [5],  which  allows  a  fifty-fold  increase  of  the 
deposition  rate;  unfortunately,  this  processing  technology  is  only  fitted  to  the  manufacture  of 
thin  components  with  not  too  intricate  shapes. 

The  limitations  of  the  CVI  technique  regarding  the  production  cycle  duration  has  resulted 
in  search  for  more  rapid  and  efficient  processing  routes. 

Processing  of  Composites  using  Liquid  Phase  Infiltration  of  the  Fibre  Preform 

Two  different  kinds  of  matrices  are  relevant  of  the  liquid  phase  infiltration  technique  [6]: 

-  the  glass-ceramic  matrices,  due  to  the  fact  that  the  glassy  phase  exhibits  a  viscosity  allowing 
densification  at  a  temperature  compatible  with  the  thermal  stability  of  the  fibres; 

-  covalent  matrices  such  as  SiC  or  for  example,  which  can  be  obtained  by  the  pyrolysis 
of  polymeric  precursors  at  a  sufficiently  low  temperature  to  avoid  any  fibre  degradation. 

nia«!<;.rftramic  matrix  composites.  As  an  example  the  SiC  Nicalon/LAS  (lithium  oxide, 
alumina,  silica)  composite  can  be  processed  using  either  hot  pressing  of  prepreg  tapes  at  a 
temperature  insuring  a  viscosity  below  5000  poises,  or  by  injection  moulding  of  the  fibre 
preform  at  the  same  temperature  level  [2].  This  last  process  is  relevant  of  not  too  intricate 
shape  components  exhibiting  a  centre  axis. 

rnvalent  matrix  composites  processed  from  a  polymeric  precursor.  The  idea  of  using 
silicon  based  polymeric  precursors  ta  mould  ceramic  composites  originates  from  the  processing 
route  used  for  carbon-carbon  composites.  However,  the  achievement  of  a  SiC  or  a  Si3N4  matrix 
is  much  more  difficult  than  a  carbon  matrix  due  to  the  density  difference  between  the 
polymeric  resin  and  the  ceramic  leading  to  a  high  shrinkage,  75%  as  compared  to  only  35% 
in  the  case  of  carbon  matrix  composites. 

In  order  to  overcome  this  difficulty,  it  is  desirable  to  limit  the  role  of  the  ceramic  sprung 
from  the  resin  to  an  efficient  binder.  To  achieve  this  end  a  two-step  infiltration  process  has 
been  developped  at  ONERA  [6]: 

-  the  first  step  consists  in  an  infiltration  of  the  fibre  preform  by  fine  submicronic  ceramic 
particles  achieved  using  a  colloidal  filtration  technique,  which  allows  to  fill  50%  of  the  free 
volume  within  the  fibre  preform; 

-  the  second  step  consists  in  an  injection  of  the  powder  infiltrated  preform  with  a  suitable 
polymeric  precurosr  followed,  first  by  a  curing  cycle,  then  by  pyrolysis. 

This  processing  route  allows  the  achievement  of  a  sound  composite  with  a  residual 
porosity  around  10%  in  the  case  of  a  2D  fibre  preform. 
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However,  these  good  results  concerning  the  porosity  can  only  be  obtained  provided  that 
the  polymeric  precursor  exhibits  a  combined  set  of  properties  allowing  both  a  good  inatrix 
infiltration  and  a  high  ceramic  yield.  For  this  purpose,  a  specific  polymer  precursor  of  a  silicon 
carbide  matrix  has  been  developped  by  ONERA  and  IRAP  [7,8]  while  ATOCHEM  has 
developped  polymeric  precursors  of  SiC/Si3N4  matrix  [9,10].  As  an  illustration,  the  PolyVinyl 
Silane  (PVS)  developped  at  ONERA  will  be  described  in  some  more  detail. 


Thp  PVS  polymeric  precursor. 

PVS  polymeric  precursor  with  the  general  formulation 


CH^-CH  R, 

I  I 

-Si— Si 

1  I 


presents  the  combined 

L 


set  of  properties  required  for  ceramic  matrix  processing: 

-  a  relatively  low  molecular  weight  ranging  between  3500  and  4500  in  order  to  achieve  a 
sufficiently  low  viscosity  at  room  temperature  (20  poises)  allowing  the  fibre  infiltration  at 
a  temperature  compatible  with  the  gelification  time; 


a  thermoset  behaviour  -  a  pre-requisite  in  the  case  of  a  ceramic  precursor  -  with  a  cross- 
linking  temperature  sufficiently  below  that  of  beginning  of  pyrolysis  (Fig.  6),  to  avoid  bubble 
forming  during  the  curing  cycle,  which  will  lead  to  a  high  level  of  porosity. 


Fig.  6.  Thermal  characteristics  of  the  PVS  polymeric  precursor 


PVS  exhibits  a  high  matrix  yield  of  65%  with  a  final  composition  of  the  ceramic  product 
very  near  that  of  SiC-Nicalon  fibres,  as  illustrated  in  Table  2. 

Due  to  the  overall  good  properties  of  the  PVS  precursor  a  flexible  liquid  processing  route 
has  been  achieved  for  the  manufacture  of  silicon  carbide  matrix  composites.  In  order  to  check 
the  reliability  of  the  process,  different  silicon  carbide  fibres  \voven  fabrics  ID,  2D,  3D  have 
been  used  for  composite  processing  based  on  the  two-step  infiltration  previously  described. 
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TABLE  2.  Chemical  analysis  of  the  ceramic  matrix  and  fibre 


obtained  from  polymeric  precursors  (weight  %) 


Ceramic 

Species 

SiC 

^9 

SiC  (PVS) 

68% 

8% 

24% 

SiC  (Nicalon) 

66% 

17% 

17% 

As  shown  in  Table  3,  the  flexural  rupture  strength  of  the  SiC/SiC  composite  processed 
by  the  liquid  route  compares  favorably  to  that  of  composites  processed  by  the  CVI  technology. 


TABLE  3.  Bending  rupture  strength  (MPa)  as  a  function  of 
the  processing  route  for  SiC/SiC  composites 


Fibre 

architecture 

Processing  route 

CVI 

(SEP) 

CVI 

(Oak  Ridge) 

Liquid  route 
(ONERA) 

ID 

700 

(Vf  =  0.45) 

400 

(Vf  =  0.45) 

500 

(Vf  =  0.45) 

2D 

350 

(Vf  =  0.45) 

300 

(Vf  =  0.40) 

200 

(Vf  =  0.30) 

3D 

- 

- 

250 

(Vf  =  0.45) 

Potential  Development  of  Ceramic-matrix  Composites 

Ceramic  matrix  composites  have  demonstrated  their  capacity  as  structural  components 
in  the  aerospace  industry,  mainly  for  engine  application  due  to  their  good  specific  strength  at 
high  temperatures  (Fig.  7).  Among  the  currently  used  composites,  the  SiC/LAS  material 
appears  very  promising  for  a  use  up  to  650®  C  with  a  further  potential  development  up  to 
1000®  C  due  to  both  its  good  properties  (Table  4)  and  a  cost  effective  processing  route  by 
injection  moulding  or  hot  pressing. 

SiC/SiC  and  C/SiC  materials  present  good  properties  up  to  1200-1300®  C  for  the  first 
one,  and  1500-1600®  C  for  the  second  one.  Moreover,  it  has  been  further  demonstrated  that 
these  composites  exhibit  good  fatigue  resistance  in  that  sense  that  no  modification  of  the  static 
mechanical  properties  (rupture  strength,  elongation  to  rupture)  is  observed  after  fatigue  testing 
at  room  temperature  [11]  for  loading  conditions  of  either  35%  of  the  static  rupture  stress, 
R  =  -1, 10^  cycles  or  80%  of  the  static  rupture  stress,  R  =  0.1, 10^  cycles;  for  the  same  loading 
conditions,  a  20%  drop  in  the  Young’s  modulus  is  observed. 
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-B-  C/C*  ^  SiCw/Si3N4 

*  Aerospatiale  material 

Fig.  7.  Specific  strength  versus  temperature 
for  main  ceramic  matrix  composites  in  use  today 


TABLE  4.  Structural  and  mechanical  resistance  of  the  main  CMC’s  in  use  today 


Composites 

Properties 

SiC/LAS 

SiC/SiC 

C/SiC 

Geometry  of  2D  woven  fabrics 

Satin  weave 

Plain  weave 

Plain  weave 

Total  volume  fraction  of  fibre 

40% 

40% 

45% 

Apparent  specific  gravity  (g/ cm^) 

2.5 

2.5 

2.1 

Open  porosity 

2% 

10% 

10% 

Ultimate  bending  strength  (MPa) 
(typical  values)  20®  C 

300 

300 

500 

900®  C 

250 

400 

700 

Moreover,  the  new  processing  route  by  liquid  infiltration  of  the  fibre  preform  offers  the 
advantage  of  a  short  processing  cycle  and  a  reduced  cost  relative  to  the  CVI  technolo^  used 
up  to  now,  allowing  to  envisage  applications  of  these  materials  out  of  the  aerospace  field. 

CONCLUSION 

1.  The  local  analysis  of  the  matrix  crack  growth  has  confirmed  the  former  results  obtained  by 
ACK  and  further  highlighted  the  prime  importance  of  an  accurate  control  of  the  fibre-matrbf 
friction  stress  upon  the  mechanical  properties  (rupture  strength,  failure  mode). 
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2.  An  instrumented  micro-indentation  test  has  then  been  developped,  allowing  a  precise 
measurement  of  the  fibre-matrix  friction  stress. 

3.  The  feasability  of  composite  processing  using  the  liquid  route  has  been  demonstrated  for 
both  glass  ceramic  and  covalent  matrices.  For  this  latter  matrix,  a  suitable  polymeric  thermoset 
SiC  precursor  has  been  developped  and  a  two-step  infiltration  procedure  defined. 

4.  The  covalent  matrix  composites  manufactured  using  the  liquid  route  processing  present 
mechanical  properties  equivalent  to  those  processed  by  the  conventional  CVI  technique. 

5.  The  advantages  of  cost  and  processing  time  reduction  together  with  the  flexibility  of  this 
fabrication  route  regarding  the  matrix  composition  allow  to  consider  applications  of  these 
materials  out  of  the  aerospace  scope. 
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ABSTRACT 

Effects  of  SiC  particulate  dispersions  on  the  mechanical  properties  have 
been  investigated  for  AI2O3  and  MgO  ceramics.  Both  AI2O3/S1C  and  MgO/SiC 
nanocomposites,  in  which  SiC  particles  with  nanometer  size 

+1-1^  maf  riY  orflins  Were  prepared  by  hot-pressing  mixtures  of  i 

SiC  and  MgO/SiC  nanocomposites. 

INTRODUCTION 

AI9O-.  and  MgO  ceramics  have  high  potentials  for  structural  applications, 
because  of  high  hardness,  good  wear  resistance  and  chemical  inertness  [1]. 
Srwever,  the  avaiLbilit;  of  these  oxide  ceramics  is  great  y  imited  by  low 
fracture  toughness  and  strength,  relatively  poor  thermal  shock  , 

resistances  [21.  Thus,  the  improvement  of  mechanical  properties  for  A  2  3 
Mg?  ^uld  expect  the  widespread  applications  as  ,eran- 

It  is  well  known  that  the  improvement  of  mechanical  , 

i-q  has  been  achieved  by  the  dispersion  of  particulate  or  whiskerlB  J. 
iuhSunh  the  wMsLr  reLforcement  leads  to  highly  strong  and  tough  ceramics, 
U  J;'  auficult  .o  obtain  the  danaa  caraalca  ta^fra™’ 

lSJ;atlStl‘nrtb.  oar.Jc  „.»oco.poalt»  l.  .blob  tba  nano-s  aa  parties 

^4-rSSa:;"^Jb^SL:fiJoprrU:r,„d".5J™s??:ct;ta  lot  «P03  and 

poalta.  containing  5  to  jvon  SIC  pattic  as  ptapatad^bp^tbe^^^^ 

s:aUr;ostracK»1a:S  lot  l.prS.lng  the  «acb.nlo.l  ptop.ttlas  for  tbas. 
Al203/SiC  and  MgO/SiC  composites  systems. 

EXPERIMENTAL  PROCEDURES 

The  a-Al203  (average  particle  size  ,^s®'"s5c\aveJaoe 

and  MqO  laveraoe  grain  size  of  O.lym  from  Ube  Industries  Ltd.),  SiC  ^avera^e 
pa?tlSa  slarbairo.Sp.  fro.  IblSan  Co.)  vara  sal.ctad  as  starting  po.dars. 
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The  mixtures  for  Al203/SiC  and  MgO/SiC  composites  systems  containing  various 
volume  fraction  of  SiC  particle  were  made  by  the  conventional  ball  milling 
method  in  the  highly  pure  acetone  using  the  AI2O3  balls  for  24h,  The  dried 
mixtures  for  Al203/SiC  and  MgO/SiC  systems  were  hot-pressed  in  N2  atmosphere 
at  1600  to  1900X  with  applied  pressure  of  30MPa. 

After  the  hot-pressed  specimens  were  cut  by  diamond  wheel  and  ground,  the 
densities  were  measured  by  Archimedes  methods  using  toluene  for  all  compos¬ 
ites.  The  components  of  both  composites  were  determined  by  the  X-ray  dif¬ 
fraction  analysis.  The  micro  and  nanostructure  were  examined  by  optical 
microscopy,  scanning  electron  microscopy(SEM)  and  transmission  electron 
microscopy(TEM).  The  hardness  of  these  composites  were  measured  by  using  a 
high-temperature  Vickers  hardness  tester  (Nikon,  QM)  up  to  1300 .  Tests 
were  carried  out  in  vacuum  at  the  indenter  load  of  4.9N,  The  fracture  tough¬ 
ness  were  determined  by  the  indentation  microfracture  method  with  indenter 
load  of  4.9  to  19. 6M  [14].  The  fracture  strength  were  estimated  at  room 

temperature  to  1400®C  in  air  atmosphere  by  three-points  bending  with  specimen 
dimension  of  3x4x40mm.  The  tensile  surfaces  of  specimen  were  polished  to  l\m 
diamond  paste  and  the  tensile  edges  were  beveled. 


RESULTS  AND  DISCUSSION 
Micro  and  Nanostructure 

As  expected,  the  densities  of  composites  prepared  in  this  work  were 
strongly  dependent  on  the  volume  fraction  of  SiC  dispersion  and  sintering 
temperature.  For  the  Al203/SiC  system,  the  nearly  full  densities  were  ob¬ 
served  at  1600 ®C  up  to  5.1  vol%SiC,  at  1700 ®C  for  10.5  vol%SiC  and  at  1800 *C 
for  17.2  to  32.7  vol%SiC.  For  the  MgO/SiC  composite  system,  the  high  densi¬ 
ties  of  over  99%  were  obtained  for  the  hot-pressed  materials  at  1700  to  1900 
depending  on  the  volume  fraction  of  SiC  particles. 

The  X-ray  diffraction  analysis  revealed  that  the  Al203/SiC  and  MgO/SiC 
composites  prepared  in  this  work  were  composed  of  a-Al203  and  3-SiC  and  of  MgO 
and  8-SiC,  respectively.  The  reaction  phases  were  not  detected.  As  shown  in 
Fig.l,  TEM  observation  revealed  that  the  most  of  the  fine  SiC  particles, 
typically  less  than  0.2tni,  were  dispersed  within  AI2O3  grains  for  Al203/SiC 


Fig.l  Micro  and  nanostructures  for  the  Al203/5vol%SiC  nanocomposites.  Arrows 
indicate  the  SiC  dispersions  within  the  matrix. 
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composites  and  the  same  observation  was  also  obtained  for  MgO/SiC  composites. 
It  was  confirmed,  therefore,  that  the  nanocomposites,  in  which  the  second 
phase  particles  were  dispersed  within  the  matrix  grains  could  be  successfully 
prepared  by  the  conventional  sintering  method  for  both  AI2O3/S1C  and  MgO/SiC 
systems.  The  average  grain  sizes  of  AI2O3  and  MgO  were  approximately  2  to  3ym 
for  both  composite  systems  prepared  under  the  conditions  above-mentioned. 


Mechanical  Properties  .  t  r,  /ct  1-0= 

Fig  2  shows  the  variation  of  fracture  strength  of  AI2O3/S1C  composites 

with  volume  fraction  of  SiC.  The  strength  of  this  composite  increases  sig¬ 

nificantly  from  355  to  lOlTMPa  and  remains  slightly-decreased  strength  b/uriFa 
UP  to  33vol%  SiC.  The  dependence  of  SiC  dispersion  on  fracture  toughness  is 
quite  similar  to  that  of  fracture  strength,  in  which  the  fracture  toughness 
Lcreases  from  3.25  to  4.70MPaml/2  at  5vol%  SiC  and  remain  the  almost  same 
toughness  value  up  to  33vol%  SiC.  Furthermore,  the  maximum  strength  of 
AI2O3/  5vol^  SiC  composites  was  improved  to  1540MPa  by  annealing  the  polished 
specimens  at  1300“C  for  2h  in  air  or  hr  atmosphere.  ^  k  c-r 

This  remarkable  increase  in  strength  of  Al203/SiC  nanocomposites  by  SiC 
dispersions  and  annealing  may  be  contributed  to  the  grain  size  decrease  of 
matrix,  the  healing  of  near -surface  cracks  generated  by  machining  of  speci 
mens,  the  relaxation  of  local  residual  stress  caused  by  the  different  thermal 
expansion  coefficients  between  matrix  and  SiC  and/or  the  subgrain  boundaries 
formed  within  the  AI2O3  matrix  grains.  The  subgrain  boundaries  may  be 
produced  by  the  pinning  and  pile-up  with  hard  SiC  particles  of  dislocations 
due  to  highly  localized  stresses  generated  around  SiC  dispersions  from  the 
thermal  expansion  difference  between  AlgOg  and  SiC  dispersion  during  cooling 
down  the  soecimens  from  sintering  temperatures. 

The  fracture  toughness  and  strength  for  MgO/SiC  composites 
Fig. 3.  The  strength  of  MgO/SiC  composites  is  improved  from  330  to  560  MPa  by 
the  addition  of  20vol%  SiC  particles  and  the  toughness  increases  from  1.1  to 
3.3  MPaml/2, 


§ 

1 


Fig. 2  Variation  of  the  fracture  toughness  and  strength  with  the  volume 
fraction  of  SiC  dispersions  for  the  Al203/SiC  (A)  and  MgO/SiC  (B) 
nanocomposites. 
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Fig. 3  Fracture  surfaces  at  room  temperatures  for  the  AI2O3/ 
5vol%SiC  (A)  and  Mg0/10vol%SiC  (B)  nanocomposites. 

Although  monolithic  AI2O3  and  MgO  ceramics  shows  both  trasgranular  and 
intergranular  fracture  modes,  the  Al203/SiC  and  MgO/SiC  nanocomposites  exhibit 
only  the  transgranular  fracture  mode,  as  shown  in  Fig. 3.  These  results 
suggest  that  the  SiC  particles  have  the  effect  of  encouraging  the  crack  to 
pass  through  the  grain  rather  than  around  the  grain  boundary.  It  might  be 
thought  that  the  transgranular  fracture  is  produced  by  the  tensile  hoop  stress 
of  over  lOOOMPa  around  SiC  particles  within  the  AI2O3  and  MgO  matrix  generated 
by  thermal  expansion  mismatch  between  the  matrix  and  SiC  particles  [15].  This 
high  tensile  stress  will  not  produce  the  microcracking  because  the  dispersed 
particle  size  is  much  smaller  than  the  critical  particle  size  in  the  Al203/SiC 
nanocomposites,  but  the  situation  will  not  be  always  true  for  the  MgO/SiC 
nanocomposites  [16].  . 

Based  on  these  observations,  it  is  reasonable  to  think  that  the  main 
toughening  mechanism  for  the  Al203/SiC  nanocomposites  is  the  crack  deflection 
and  the  crack  deflection  and  microcracking  for  the  MgO/SiC  nanocomposites. 

The  radial  compressive  stress  was  also  generated  around  the  SiC  dispersions  by 
thermal  expansion  mismatch  between  the  matrix  and  SiC  particles.  This  com¬ 
pressive  stresses  can  cancel  out  the  shear  stress  generated  at  the  grain 
boundary  by  the  anisotropic  thermal  expansion  of  AI2O3  grain,  which  may  result 
in  grain  boundary  fracture  [17],  Moreover,  the  TEM  observation  indicated  that 
the  above-mentioned  subgrain  boundaries  are  formed  within  the  matrix  grains  by 
pile-up  of  dislocations.  Therefore,  it  might  be  concluded  that  the  high 
strength  for  Al203/SiC  and  MgO/SiC  nanocomposites  is  mainly  attributed  to  the 
decrease  in  critical  flaw  size  and  the  toughness  increase  associated  with  the 
dispersed  SiC  particles. 

High-Temperature  Hardness  and  Strength 

Fig. 4  shows  the  temperature  dependence  of  Vickers  hardness  for  the  AI2O3/ 
SiC  nanocomposites.  These  composites  exhibit  higher  hardness  at  all  test 
temperature  range  and  smaller  decreasing  rates  in  hardness  than  those  of  mono¬ 
lithic  materials.  The  degradations  of  high-temperature  hardness  for  Al203/SiC 
nanocomposites  were  significantly  improved  by  the  SiC  dispersions.  Similar 
improvement  in  hardness  was  also  observed  for  the  MgO/SiC  nanocomposites. 

These  results  suggest  that  the  SiC  particulates  dispersed  within  AI2O3  and  flgO 
grains  prohibit  the  high-temperature  deformation  and  creep  by  the  pinning  of 
dislocations. 

Fig. 5  indicates  the  temperature  dependences  of  fracture  strength  for  the 
MgO/SiC  nanocomposites.  As  is  apparent  in  Fig. 5,  significant  improvement  in 
high-temperature  strength  was  observed  for  the  MgO/SiC  composites.  No  reduc 


Temperature  (•€) 

Fig. 4  Temperature  dependence  of  Vickers  hardness  for  the  AI2O3/ 
nanocomposites. 


Temperature  (®C) 


Fig. 5  Temperature  dependence  of  the  fracture  strength  for  the 
MgO/SiC  nanocomposites, 

tion  in  strength  is  observed  up  to  1400 for  this  nanocomposites.  Especially 
at  the  temperature  range  from  1000  to  1400 °C,  the  ng0/30vol%  SiC  nanocomposite 
indicates  the  much  higher  strength  than  that  at  room  temperature.  The  similar 
strength  improvement  v;as  also  observed  for  the  Al203/SiC  nanocomposites . ^ 

It  is  well  known  that  the  degradation  in  high-temperature  strength  is  due 
to  the  grain  boundary  sliding  and/or  cavitation  at  the  grain  boundaries  [18- 
211.  The  radial  compressive  stresses  around  SiC  particle  is  approximately 
some  hundred  IlPa  even  at  lOOO'C.  Thus,  it  may  be  thought  that  this  compres¬ 
sive  stress  could  squeeze  the  grain  boundary  and  inhibit  the  grain  boundary 
sliding  and/or  the  growth  of  cavities.  Other  possible  mechanisms  of  improve- 
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ment  in  high-temperature  strength  are  the  creep  prohibition  by  dislocation 
pinning  with  the  SiC  particle  within  matrix  grains  and  the  transgranular  trac 
ture  enhanced  by  the  tensile  hoop  stress  around  SiC  particles. 


CONCLUSIONS 

The  particulate  nanocomposites  were  successfully  prepared  by  conventional 
powder  metallurgical  technique.  TEM  observations  revealed  ">ost  of  SiC  parti- 
cles  were  dispersed  as  nanometer-size  inclusions  within  the  AI2O3  and  MgO 
matrix  nrains.  These  AloOg/SiC  and  MgO/SiC  nanocomposites  showed  the  extremely 
hioh  hardness  and  strength  even  at  high-temperatures.  This  significant  im¬ 
provement  in  mechanical  properties  at  room  temperature  may  be  attributed  to 
the  subgrain  boundaries  formed  by  the  highly-localized  residual  stresses 
around  the  SiC  disoersions  generated  by  the  thermal  expansion  mismatches 
between  the  matrices  and  SiC.  The  hardness  and  strength  ^  at  high 

temoeratures  may  be  associated  with  the  dislocation  pinning  by  har  i ^  is 
persions  and  the  fracture  mode  change  by  localized  stresses  around  the  SiC 
dispersions  within  the  matrix  grains. 
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ABSTRACT 

We  prepared  a  alumina  powders  consisting  of  micronic  grains  in  which 
iron  or  iron-chromium  alloy  clusters  were  homogeneously  dispersed.  Trans¬ 
mission  Electron  Microscopy  studies  showed  that  the  metallic  nanoparticles 
are  monocrystalline  and  epitaxied  in  the  alumina  matrix.  The  crystallogra¬ 
phic  relationships  between  a  alumina  and  the  body  centered  cubic  metallic 
phases  are  :  (lll)[!a2]H  II  (0001) [2130] ^Aigos  .  Magnetic  measurements  dis¬ 

played  the  superparamagnetic  behaviour  of  the  nanoparticles  as  well  as 
their  bimodal  distribution.  These  nanocomposite  powders  were  hot-pressed  at 
about  1500®C.  The  resulting  ceramics  had  a  microstructure  made  of  micronic 
alumina  grains  and  metallic  crystallites,  with  a  size  ranging  from  10  to 
100  nm.  The  larger  part  of  metallic  crystallites  were  intragranularly  dis¬ 

persed  with  a  size  lower  than  50  nm.  The  study  of  cermet  properties  showed 
an  improvement  of  alumina  mechanical  behaviour: 

Bending  strength  (c7£“  850  MPa),  Fracture  toughness  (Kic“8  MPa^m) . 


INTRODUCTION 

Attempts  at  ceramics  trengthening  by  metals,  although  already 
ancient,  are  still  topical  (1).  Attractive  results  at  the  application  level 
have  been  achieved  in  the  case  of  non  oxide  ceramics.  These  were  characte¬ 
rized  by  electronic  structures  and  chemical  bonding  relatively  close  to 
those  of  metals.  On  the  other  hand,  dispersing  metals  in  oxides  is  much 

more  difficult  because  of  the  poor  wettability  of  oxides  by  metals.  There¬ 
fore  results  were  limited  even  if  improvement  has  been  noticed  especially 
in  AI2O3-M0  and  Al203-Cr  cermets  (2,3).  Toughening  models  show  the  interest 

of  homogeneously  dispersed  small  metallic  particles,  particularly  submicron 
sized,  in  the  ceramic  matrix  (4). 

On  a  more  fundamental  level,  preparing  nanometric  metallic  particles 
in  sintered  or  powdery  oxides  raises  numerous  problems  which  increasingly 

triggered  the  interest  of  research  workers  (5).  Their  investigations  focus 
on  elaboration  methods , .  characterization  as  well  as  the  study  of  specific 
properties:  nature  and  influence  of  interfaces  on  mechanical,  electric, 

magnetic,  catalytic  properties.  So  nanocomposites  present  an  extremely  wide 
activity  field  on  which  fundamental  and  applied  research  strongly  converge. 
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Results  in  alumina  powders  containing  nanoparticles  of  metal  or  alloy  and 
also  in  cermets  prepared  by  sintering  the  previous  powders  are  presented. 

RESULTS 

Samples 


Nanocomposite  powders  were  generally  obtained  by  reduction  of  solid 
solutions  Al2.2xM2x03  (x<0.3,  M-  Fe,  Feo.eCro.a).  Cermets  were  produced  by  hot- 
pressing  these  powders  at  1450-1500°C  under  vacuum.  For  each  system  AlzOa/Fe 
and  Al203/Feo.8Cro.2  proportions  were  2,  5,  10,  15,  20  wtZ  of  metallic  phase. 
Tables  1  and  2  give  the  main  characteristics  of  powders  (Tab.  1,  Fig. 1,2) 
and  ceramics  (Tab. 2.  fig. 3, 4)  for  lOZ  metallic  phase.  Various  samples  of 
Al203-Fe  nanocomposites  were  prepared  j  some  with  small  intragranular  par¬ 
ticles  surrounded  by  a  FeAl204  spinel  phase  (sample  3,  Fig. 2),  some  with 
smaller  particles  but  without  aluminate  layer  (sample  2),  other  with  bigger 
iron  crystallites  located  outside  the  alumina  grains  (sample  1). 


Sample 

Phases 

Alumina 

grain 

size 

Average  metal¬ 
lic  particles 
size  (nm) 

specific  area 

(m^/g) 

AlzOs  lOFe  (1) 

aAl203  +  7AI2O3 
+  aFe 

2-5/im 

grains 

constituted 

with 

0.1-0.3/mi 

sized 

crystallites 

70 

8.7 

AI2O3  lOFe  (2) 

QAI2O3  +  aFe 

5 

2.3 

AlgOs  lOFe  (3) 

aAl203  +  aFe 
+  FeAl204 

10 

1.7 

AI2O3 

10Feo.sCro,2 

QAI2O3 
+  Feo.8Cro.2 

8 

2.3 

TABLE  1  :  Powdered  nanocomposites  characteristics. 


Sample 

Phases 

Average  alumi- 

Average  metal- 

Densif ication 

na  grain  size 

lie  particles 

(^an) 

size  (nm) 

(2) 

AI2O3  lOFe  (2*) 

aAl203  +  aFe 

#2 

35 

#99 

AI2O3 

aAl203 

#2 

35 

#99 

10Feo.8Cro.2 

+  Feo.aCro.2 

TABLE  2  :  Massive  nanocomposites  characteristics. 

Scanning  electron  microscopy  on  dense  samples  shows  small  alumina 
grains  (about  2/mi)  (Fig. 3).  During  sintering,  the  average  size  of  metal 
particles  slightly  increased.  Most  part  of  the  metallic  phase  remained 
intragranular.  The  homogeneity  of  dispersion  and  the  amount  of  intragranu¬ 
lar  particles  increases  as  the  growth  of  particles  is  limited.  This  phe- 
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nomenon  particularly  occurs  in  AljOs-Fe-Cr  cermets. 

Interfaces  characterization 

Bright  field  micrograph  and  electron  microdiffraction  pattern  on 
AljOj-lOFe  composite  grain  (sample  2)  are  presented  in  figures  5a  and  5b. 
Dark  field  micrographs  obtained  with  diffracted  beams  of  (211D)aAi203  plans 
(Fig. 5c)  and  (10i)„Fe  plans  (Fig.Sd)  show  that  alumina  grain  and  iron  par¬ 
ticles  are  monocrystalline.  Comparison  between  bright  field  (Fig. 5a)  and 
dark  field  (Fig.5d)  reveals  that  all  metallic  particles  have  the  same  crys¬ 
tallographic  orientation.  Crystallographic  relationships  between  corundum 
lattice  and  iron  lattice  were  deduced  from  the  electron  diffraction  pattern 
(Fig. 5b): 

(lO'Drfe  II  (2ijD)aAi203  (101)<rf,  II  (0il4)ort,2O3 

(100)„Fe  II  (liD2)a»i203  (001)^,  II  (iO12)aAl203 

The  investigation  of  additional  microdiffraction  patterns  on  the 
same  grain  studied  along  various  crystallographic  orientations  leads  to  the 
general  epitaxial  relationship: 

(lll)[B2]<rfe  II  (0001)  [ 2130  ]aAl203 

The  study  of  the  Al203-Fe-Cr  system  gave  the  same  results.  In  the 
bulk  cermets  epitaxy  is  kept  for  intragranular  metallic  particles.  Similar 
crystallographic  relationships  were  noticed  on  thin  films  of  body-centered 
cubic  metals  (Nb.Fe)  epitaxied  on  sapphire  (6,7). 

Magnetic  properties 

Magnetic  properties  were  only  studied  in  powdered  Al203-10Fe  compo¬ 
sites  (samples  1,2,3).  Isothermal  magnetization  curves  (Fig. 6)  and  sponta¬ 
neous  magnetization  graphs  (Fig. 7)  show  that  sample  1  only  contained  ferro¬ 
magnetic  particles  regardless  of  the  temperature,  whereas  samples  2  and  3 
show  both  ferromagnetic  and  superparamagnetic  phases  above  50  K.  Assuming 
that  only  the  Fe  atom  carries  a  magnetic  moment,  the  magnetization  values 
are  displayed  in  Bohr  magneton  units  (#ib)  •  Values  of  saturation  magnetiza¬ 
tion  at  ambient  temperature  show  that  47Z  of  iron  is  ferromagnetic  in 
sample  2  while  12Z  is  in  sample  3.  Extrapolation  of  isothermal  magnetiza¬ 
tion  curves  at  1.5  K  to  infinite  provide  a  standard  value  for  the  magnetic 
moment  per  iron  atom  for  sample  1  (Z.Zlpg)  and  for  sample  3  (2.09#*b)-  The 

value  for  sample  2  is  much  higher  (2.50/iB)-  This  result  can  be  explained 
either  through  a  surface  nmgnetism  effect  (8)  or  by  the  presence^  of  para¬ 
magnetic  Fe  ions  (9).  Behaviour  of  sample  3  is  completely  specific.  Analy¬ 
sis  of  hysteresis  loops  at  low  temperature  shows  a  dissymmetrical ^ loop  such 
that  |hJ|-|Hc|<0.  This  shift  changes  with  the  temperature  (Fig.B)  and 
decreases  towards  0  as  the  number  of  successive  loops  increases.^  This  beha¬ 
viour  reveals  the  presence  of  an  uncompensated  antiferromagnetic  phase  as 
well  as  a  ferromagnetic-antiferromagnetic  exchange  anisotropy.  The  antifer¬ 
romagnetic  compound  is  a  Fei,xAl2-x04  spinel  phase  (x<0.2).  The  thickness  of 
the  phase  surrounding  iron  particles  is  about  2.5  nm,  thus  this  phase  has  a 
superantif erromagnetic  behaviour  beyond  50  K. 

Mechanical  properties 

Mechanical  properties  were  studied  in  1450°C  hot  pressed  nanocompo- 
site  powders.  The  transverse  rupture  strength  was  determined  by  the  three- 
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point  bending  method  and  the  factor  by  tne  S.E.N.B.  method. 

Results  in  iron  and  Fe-Cr  alloy  are  shown  in  figures  9,  10,  Streng¬ 
thening  rises  to  a  maximum  for  AlaOs-SFe  composite.  This  behaviour  is  dif¬ 
ferent  for  iron-chromium  cermets.  Strengthening  increases  beyond  5Z  and 
reaches  bending  strength  value  of  850  MPa  and  fracture  toughness  value  of 
8  MPaTm.  These  characteristics  result  from  homogeneously  dispersed  and  very 
small  sized  metallic  particles.  Figure  11  indicates  that  the  higher  the 
average  size  of  particles  is,  the  lower  the  mechanical  properties  are. 

COHCmSlON 

Results  submitted  in  this  paper  show  the  interest  of  nanocomposites 
in  fundamental  as  well  as  in  applied  research,  even  if  extensive  work  is 
still  need  to  achieve  high-performace  materials. 

Controling  the  size  of  metallic  particles  dispersed  in  alumina 
matrix  makes  it  possible  to  obtain  better  mechanical  properties  than  those 
mentionned  in  the  literature  for  similar  systems  (2).  Metallic  particles 
size  in  the  AljOj-Fe  and  in  AljOj-Cr  systems  (3,10)  already  studied  has  not 
been  reduced  below  100  nm  because  particles  were  essentially  intergranular. 
It  seems  similar  studies  had  not  beem  conducted  in  AljOs-Fe-Cr  composites . 
Their  mechanical  properties  are  similar  to  these  obtained  for  alumina  based 
ceramic-ceramic  composites  (11).  Controlling  dimensions  and  size  distri¬ 
bution  of  nanoparticles  in  ceramic  matrices  is  a  promising  and  interesting 
approach  likely  to  raise  original  issues  in  the  fields  of  elaboration  and 
of  mechanical  and  physicochemical  properties. 
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Fig.l.  Scanning  electron  micrograph  of  Al203-10wtZFe 
powder. 


Fig. 2.  Transmission  electron  micrograph  of 
Al203~10wt2Feo.8Cro.2  powder. 
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Fig.3>  Scanning  electron  micrograph 
AlaOs-lOwtZFeo.sCro.z  cermet. 


pig, 4.  Transmission  electron  micrograph  of 
Al203-10wtZFeo.8Cro,2  cermet. 


a 


Fig. 5.  Transmission  electron  micrographs  of  Al203*-10wtZFe  nanocomposite 
(a)  Bright  field  of  a  composite  grain,  (b)  Electron  diffraction 
pattern  of  the  same  grain,  (c)  Dark  field  of  AI2O3  grain,  (d)  Dark 
field  of  Fe  particles. 
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Fig. 6.  Isothem 
sample  ( 


Fig. 7.  Sponta] 
sample 
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Fig. 10.  Fracture  strength  and  fracture  toughness  of 
AlgOa-Feo.sCro.i  nanocomposites. 
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Fig. 11.  Fracture  strength  versus  average  size 
of  metallic  particles. 
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ABSTRACT 

The  Influence  of  the  structure  of  high  density  three 
dimensional  (3D)  fabrics  woven  by  carbon  fiber 

number  of  filaments  of  a  roving  on  the  n>echanical  properties  of 
their  epoxy  composites  were  Investigated  experimentally.  Various 
mechanical  properties  of  3D  fabric  composites  were  also  compared 
with  those  of  laminated  fabric  composites.  It  was  found  that  3D 
fabric  composites  show  very  high  shear  strength,  and  that  the 
mechanical  properties  of  these  materials 

generally  with  decreasing  the  number  of  filaments  and  are 
influenced  with  structure  composed  of  fiber  rovings.  Fracture 
toughness  values  are  nearly  similar  for  three 

nearly  same  as  that  of  the  laminated  composite  for  fiber 
orientation.  It  is  clearly  shown  at  the  stage  of  fracture  that 
3D  fabric  comosltes  have  higher  resistance  to  delamination  than 
laminated  composites.  It  was  found  that  carbon/Aramid  hybrid  3D 
fabric  composites  have  some  excellent  mechanical  properties  in 
comparison  with  thsoe  of  single  fiber  woven  3D  fabric  composites. 


Introduction 

In  recent  years. fiber  reinforced  plastlcs(FRP)  have  become  to 
be  used  in  various  industrial  fields  in  accordance  with  the 
developement  of  high  performance  fibers  and  matrix  resins. 

For  typical  examples  of  FRP,  there  exist  laminated  materials 
which  are  reinforced  with  unl-dlrectlonally  oriented  fibers  and 
two-directlonally  oriented  or  woven  fabrics  such  as  plane-woven 
fabrics  etc..  Multi-axial  plane  fabric  like  as  a  three  axiall> 
woven  fabric  has  begun  to  be  taken  attention  as  a  sooa 
reinforcement  of  isotropic  composite  materials.  However,  all  of 
these  materials  have  laminated  structures  ,  and  the  mechanical 
properties  between  laminated  structures  are  rather  poor  in 
comparison  with  those  of  fiber  direction.  ^ 

It  is  generally  thought  that  three  dimensionally ^  fiber 
oriented  fabric  composites  have  many  good  properties  in 

comparison  with  laminated  composites,  and  are  greatly  expected  as 
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advanced  composite  materials.  However,  we  have  many  problems 
for  developement  of  fabrication  of  three  dimensional (3D)  fabric 
composites  i.e,  developement  of  methods  to  get  reliable  fabrics 
and  weave  efficiently, and  also  developement  of  processing  methods 
to  get  composite  materials. 

Properties  of  3D  fabric  composites  may  be  Influenced  by  the 
factors  such  as  characteristics  of  fibers  or  bundle  of  filaments 
(fiber  roving),  number  of  filaments  and  structure  of  fabric 
composed  of  fiber  rovings. 

In  this  study,  the  Influence  of  the  factors  mentioned  above  on 
the  mechanical  properties  of  3D  fabric  composites  impregnated 
with  epoxy  resins  were  investigated  experimentally,  and  •  these 
properties  were  compared  with  those  of  laminated  composites. 
Carbon  flber/Aramld  fiber  hybrid  3D  fabric  composites  were  also 
prepared  to  investigate  their  mechanical  properties. 

Preparation  of  3D  fabric  composites 


Two  kinds  of  trl-axlal  three  dimensional ( 3D)  fabrics  shown  in 
Flg.l  including  hybrid  3D  fabrics , which  are  composed  of  warp, weft 
and  vertical  rovings  were  woven  by  the  method  developed  in  RIPT 
One  of  them  is  orthogonally  fiber  oriented  trl-axlal  3D  fabric 
called  non-interlaced  3D  fabric  ,and  other  also  trl-axlal  3D 
fabric  in  which  fiber  rovings  run  zlg  zag  and  Interlace  each 
other ( interlaced  3D  fabric). 

rovlng(CF)  of  which  number  of  filaments  are  3,000 
(3Kf),  6 , 000(6Kf )and  12,000(12Kf)  and  Aramld  fiber  rovlng(AF)  of 
1  Kf  were  used  for  weaving  of 
single  fiber  and  hybrid  fiber 
3D  fabrics.  Diameters  of  these 
fibers  are  7/i  m  and  12yUm, 
respectively.  Densities  of 
fabrics  were  changed  by 
weaving  them  with  different 
pitches  of  rovings.  Three 
kinds  of  epoxy  resins  were 
used  as  a  matrix  of  3D  fabric 
composites.  Blsphenol  epoxy 
resin  (Epoxy  A)  for  samples  of 
flexture, compression, shear  and 
fracture  toughness  testing 
and  heat  resistant  epoxy  resin 
(Epoxy  B)  for  impact  testing 
were  used.  Another  type  of 
epoxy  resin  (Epoxy  C)  was  also 
used  for  preparation  of  some 
Impact  testing  samples. 

Solution  of  mixture  of  resin, 
curing  agent  and  others  was 
impregnated  into  3D  fabrics 
in  a  vacume  chamber  and  then 
cured  with  the  conditions 
recommended  by  manufacturers 
for  each  resin. 


ifN 

Non-interlaced 


Interlaced 


Fig.  1 


Perspective  view  of 
three-dimensional  fabric 


-145- 


Mechanical  testing 

Tensile  flexture,  compression  and  shear  testings  of  3D  fabric 

1  E^h  sample  mas  out  from  the  block  or  plate  of  3D 

^'“’^i'ct“r?or.hresrtesuS  oo^ituons^-lethods  to  o«aln  data 

?recS:'!i/dra;i?r  Servo^Slihl^e  VJTelTol  tlJiZT  Fracture 
tiSstae;forJam5nate5  composites  were  also  measured  and  compared 

”“^wr°^!„d^Sf^tm^ct'?rsrl^^^zod  impact  and  Falllnk  bod. 

impact  testing  were  carried  out  for  plate  type 
composites. 

influence  of  number  of  filaments  of  fiber  roving  on  mechanical 
properties 

hav?r/i;f?eJ^nfnuSLrr^r?!larerts"^^rirpre“.SSd|th^^;E?i^ 

A  .  Laminated  plane  fabric  composites  testing 

Te^nf '''’‘flex?i?ara^l  cSreH^vrstrength  and  modulus  and 

l!sr  sheir  s^ensth  of  these  materials  were  measured  and  are 

'‘"’nUural‘"anf' lompresslve  strengths  and  their  moduli  of  3D 
fabri^  composites  Increase  generally  with  decreasing  the  number 
of  filameSs  .  and  are  similar  to  those  f ir ic 

composites.  For  measurement  of  shear  _  ^ 

composites,  short  beam  method  was  applied  at  first  stage. 

Table  1  Dimensions  of  test  specimens 

and  test  conditions  for  vari-  Table  2  Mechanical  properties 
ous  mechanical  properties  of  3D  fabric  composite! 


Test  specimen 


Testing  condition 


12xl2x2l5mm 
Span(L)  =  190mm 
Cross  head  speed  5mm/min 

13x  13x25mm 

Cross  head  speed  imm/min 


13x  13x25mm 


Shear  TpMjL  25mm  »  ' 

Cross  head  speed  1  mm/min 


Fr Arturo 


40x38.4x  12mm 


No.  Of  filaments _ _ 

Content  Vt% 

Specific  gravity _ 

©  Strength _ MPa 

w  Modulus _ GPa 

Specific  modulus  GPg 


Shearing  strength  MPa 


Poissons  ratio  _ I  1  ^  1 

3D  Three  dimensional  fabric  composite 
L.C  :  Laminated  fabric  composite 
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however,  it  was  found  that  the  method  is  not  suitable  because  the 
deformation  in  the  sample  are  similar  to  those  by  compression 
testing.  New  shear  testing  method  by  using  samples  shown  in 
Table  1  Instead  of  short  beam  method  was  applied  in  this  study. 
Even  for  the  sample  of  this  shape,  complete  shear  fracture  could 
not  be  obtained  because  the  space  of  notch  ( lmmx6 . 5mmx6 . 5mm)  cut 
in  the  specimen  are  closed  by  deformation  accompanied  by 
compression.  In  Table  2,  shear  stresses  when  the  space  of  notch 
part  is  closed  are  shown,  however  ,  real  strength  may  be  larger 
than  these.  It  is  assumed  from  the  result  that  the  values  of  3D 
fabric  composites  obtained  by  this  method  are  larger  than  four 
times  of  shear  strength  of  laminated  composites,  which  are  easily 
fractured  by  short  beam  method. 

From  the  measurement  of  strain  distribution  and  also 
relations  between  stress  and  strain  at  various  positions  under 
flexture  testing  of  3D  fabric  composites,  it  was  found  that  these 
materials  show  deformation  like  as  that  of  Isotropic  material. 

Fracture  toughness  of  3D  fabric  composites 


Fracture  toughness  of  3D  and  laminated  (2D)  fabric  composites 
were  measured  by  compact  testing  method  following  ASTM-E399 
Standard.  Recording  the  curves  of  load-deformation  along  the 
direction  of  load,  fracture  toughness  value,  KQ  was  calculated 
from  the  maximum  load.  Some  typical  curves  of  load-deformation 
for  two  kinds  of  composites (3D  and  2D)  are  shown  in  Fig. 2. 
Values  of  maximum  load  obtained  from  the  curves  and  fracture 

toughness  values  KQ  or  Gel  calculated  from  maximum  loads  are 
shown  in  Table  3.  Maximum  load  and  fracture  toughness,  KQ  in 
direction  perpendicular  to  laminated  fabrics  of  2D  fabric 
composites  are  approximately  1/27  th  of  those  in  direction 

parallel  to  oriented  fibers,  however,  these  values  of  3D  fabric 

composites  show  the  corresponding  maximum  loads  and  fracture 

toughness  to  the  content  of  fiber  in  three  directions,  X,Y  and  Z. 


Fig. 2  Fracture  toughness  test 
of  laminated (2D)  and  3D 
fabric  composites 


Table  3  Fracture  toughness  of  3D 
fabric  and  laminated(2D) 
fabric  composites 


Structure  of 
composite 

2  D 

3  0 

Crack  plane 
orientation 

A 

B 

A 

B 

C 

Max.load  P 
(N) 

5462 

201 

5266 

5688 

4805 

Fracture 
toughness  KQ 

(N/mm3/2) 

777 

28 

752 

812 

694 

GfC 

(N'mm) 

51 

1 

107 

127 

— 

Remark 

Crack  plane 
orientation 

3 

1 
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that  3D  fabric  composites 


From  these  results  .  it  becomes  clear 
may  be  good  isotropic  materials. 

Impact  properties 

The  results  of  impact  testing  for  3B  and  2D^fabrlc^composites 
are  shown  in  Table  4.  Izod  ^han  that  of  laminated 

fabric  composite(NI)  generally  larger  than  3D 

fabric  composite(L)  of 

fabric  composite(I)  is  similar  to  that^^ot^^iam^^ 

composite.  i®®“lo®thickness  of  test  specimen  (plate  type) 

I  sample  SLrder  of  fiber  orientation  occurs 

is  not  so  high  and  the  disorder^ot  for 

during  processing.  .  ..  ImDregnated  with  Epoxy  C,  it  can 

J  iSarScaf  o?"l 

|‘r“%arp?es!"  Impact  values  of  3D  fabric  composites  ^seem 

to  increase  with  Table  4  Izod  impact 


to  increase  with 
decreasing  the  number 
of  filaments  of  rovings. 
Fig. 3  shows  some 
typical  curves  of  Impact 
load  as  a  function  of 
time  for  three  kinds  of 
samples  (NI,  I  and  L) . 
which  were  measured  by 
using  a  falling  body 
impact  tester.  From 
the  figure,  it  can  be 
found  that  the  change 
of  load  as  a  function 
of  time  shows  very 
different  appearance 
between  3D  fabric 
composites (NI  and  I) 
and  laminated  fabric 
composite(L) .  From 
the  observation  of  the 
appearance  of  fracture 
of  these  samples  ,  it 
is  found  that  the 
delamination  of  L 
sample  appears  clearly 
in  comparison  with 
3D  fabric  composite 
samples(NI  and  1). 

CF/AF  hybrid  3D  fabric 
composites 

In  order  to  get  more 
functional  and  more 
”  taylored  designed” 
cmposite  materials, 


Izod  impact  values  of  3D  fabric 
and  laminated(2D)  fabric 
composites  _ 


Structure 

Fiber  volume 
fraction  (%) 

Izod  impact 
value  (J/cm2) 

Non-interlaced  3D  fabric 

48.4 

11.0 

Interlaced  3D  fabric 

49.3 

8.7 

Laminated  fabric 

51.1 

8.6 

Notchless  test 

Size  of  test  specimen  W:10mm,t:5mm.L:60mm 
Matrix  :  Epoxy  resin  B 

"'•=0  3.0 

Time  (msec) 

Fig. 3  Time  dependent  impact  load 

(Falling  body  impact  testing) 
NI  :  Non-interlaced  3D  fabric 
I  :  Interlaced  3D  fabric 
L  :  Laminated  fabric 
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Fig. 4  Flexural  load  vs.  deflection  curves  of 

Carbon  f iber/Aramid  fiber  hybrid  3D  fabric 

composites 

(a)  Interlaced  3D  fabric  (b)  Non-interlaced  3D  fabric 

CF/AF  hybrid  3D  fabric  composites  were  fabricated  and  their 
mechanical  properties  were  investigated  experimentally. 

Typical  load-deflection  curves  under  flexture  testing  are 
shown  in  Fig. 4  for  hybrid  3D  fabric  composites  composed  of 
carbon  fiber (CF)  and  Aramid  fiber (AF)  with  various  combinations. 
Fig. 4(a)  and  (b)  show  the  results  of  interlaced(I)  and 
non-interlaced(NI )  hybrid  3D  fabric  composites , respectively . 

It  was  found  from  the  figure  that  AF  3D  fabric  compos! tes (A-I  and 
A-NI)  show  very  different-  behavior  from  those  of  CF  3D  fabric 
composites(C-I  and  C-NI)  and  that  hybrid  3D  fabric  composites 
show  intermediate  behavior  between  CF  and  AF  3D  fabric  composites 
for  both  interlaced  and  non-interlaced  type  composites.  For 
impact  and  shear  properties  of  hybrid  3D  fabric  composites, 
we  could  find  some  characteristic  behavior. 

Summary 

In  this  study,  the  Influence  of  structure  and  number  of 
filaments  of  tri-axial  three  dimensional  fabric  composites 
woven  by  carbon  fiber  rovings  on  various  mechanical  properties 
were  investigated  experimentally,  and  these  properties  were 
compared  with  those  of  laminated  fabric  composites.  Carbon 
fiber/aramid  fiber  hybrid  3D  fabric  composites  for  more 
functional  and  ’’taylored  designed”  composite  materials  were  also 
investigated.  It  was  found  that  CF  3D  fabric  composites  show 
very  good  shear , fracture  toughness  and  Impact  properties  in 
comparison  with  those  of  laminated  fabric  composites  and  are 
rather  good  Isotropic  mater ials , however .  these  mechanical 
properties  are  influenced  by  weaving  structure  and  also  number 
of  filaments  of  rovings.  For  hybrid  3D  fabric  composites,  some 
interesting  results  were  obtained  for  getting  high  performance 
and  functional  composite  materials. 
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ABSTRACT 

Metallic  multilayers  and  superlattices  are  thin  films  composite  nanomaterials  In 

whirh  the  comoosition  is  modulated  by  alternating  deposition  of  different  metals. 

which  the  multilayers  and  superlattices  have  gwen  rise  to  a  great 

interest  from  both  fundamental  and  technological  point  of  view,  depositio 

lechnioues  which  allow  to  tailor  new  structures  with  interesting  physical  prof^rties. 

^  For  the  first  time,  we  have  synthetized  hexagonal  Fe(x)/Ru(y)  superlattices  in  a 
sinale  crystal  Sase  brMoTecular  Beam  Epitaxy.  The  bidimensional  epitaxjal  structure  was 
checked  bv  Reflexion  High  Energy  Electron  Diffraction.  The  sharpness  of  the 
observed  by  Transmission  Electron  Microscopy  in  cross  section  J](  I® 

X-Ray  scattering  patterns.  The  epitaxial  growth  of  Fe  layers  (up  to  14A)  sandwiched  by  Ru  lay 

(as  thin  as  a  magnetic  moment  with  an 

in-plane  anisotropy  and  with  an  evidence  of  coupling  through  Ru  layers. 

1.  INTRODUCTION 

For  about  twenty  years,  elaboration  of  synthetic  composite  materials  at  a  aanometric  scale 
has  beSmepossible  because  of  the  development  of  sophisticated  deposition  means  such  as 
sputS  and  Mollcula.  Baam  Epitaxy  (MBE)  wttich  oilers 

cfriirtiirp^  bv  deDositino  in  alternance  different  elements  layer  by  layer.  In  the  tieia  or 
lemtoonductors.^the  epitaxial  growth  by  MBE  of  single  crystal  systems  with  quasi-idea  inter  acM 
has  allowed  to  get  superlattices  and  new  structures  which  initiated  a  new  generation  of  electronic 

^®'''°®®More  recently  it  was  taken  advantage  of  the  sputtering  techniques  to  synthetize  artificial 
structurerwnsSgdf  ahernating  thin  layers  of  a  metallic  high  electronic  density  element  with 
hiqh  reSctive  power,  such  as  tungsten,  and  a  low  electronic  density  element  such  a®  ®arj»n  or 
Son  inihe  aTto  get  synthetic  periodic  systems  for  UV-X-ray  optics[1].  The 
be  amorphous  or  microcryklline.  In  this  field  of  optical  applicatioris, ! he Jl^  o  'he  interfaces 
and  their  evolution  with  respect  to  thermal  treatments  is  of  a  crucial  importance[2].  . 

Moreover  epitaxy  offers  the  possibility  to  synthetize  transition  metal  films  possess  ng 

modified  structures  as  compared  with  stable  phasesP).  Regarding  the  ^ 

interestino  to  Study  the  effect  of  a  controlled  variation  of  interatomic  distances  and  anisotropic 

'SZfZi  oTZ  mapredo  p«>pe,«es.  The  polemlal 

multilayers  and  superlattices  are  in  the  field  of  magnetic  recording  or  magnetoresistive 

®®""°Td'this  context,  the  case  of  metallic  Fe  deserves  attention.  Indeed  Fe  may  Present  differem 
allotropic  phases,  the  bcc  and  fee  structures  and  a  hep  structure  under  hiph  Pressure  abov 
130kbars)[51.  The  bcc  form  is  magnetic  when  it  is  in  bulk  form,  whereas  fee  and  hep  are 
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According  to  theoretical  predictions,  both  fee  and  hep  bulk  phases  should  undergo  a  transition  to  a 
magnetic  state  at  volume  expansion  of  order  of  5%  [6]. 

The  purpose  of  our  work  was  to  stabilize  Fe  layers  with  an  hexagonal  structure  by  epitaxial 
growth  with  a  transition  metal,  Ruthenium,  possessing  a  stable  hep  structure  and  to  elucidate  the 
effect  of  the  Fe  layers  stretching  on  the  magnetic  properties. 

2.  DESCRIPTION  OF  SUPERLATTICES. 

When  two  metallic  pure  elements  are  alternatively  deposited  on  a  substrate,  the  multilayer 
stacking  is  constituted  by  a  periodic  gradient  of  electronic  density  with  a  modulation  wavelength  A. 
The  layers  may  grow  in  the  amorphous,  polycristalline  or  textured  crystalline  state  .  The  Fe/AI 
system  is  an  example  of  this  type  of  multilayer[7].  When  the  deposition  rates  are  low  enough  (less 
than  1  A/sec)  and  when  the  structural  and  thermodynamical  considerations  are  adequate,  both 
lattices  may  fit  each  another  and  the  growth  of  layers  may  be  single  crystalline,  included  at  the 
interfaces.  If  the  difference  between  the  two  materials  is  small  enough,  then  the  layers  can  be 
constrained  to  match  perfectly  by  introducing  a  coherency  strain  into  each  layer.  The  as-obtained 
stackings  are  usually  called  metallic  superlattices  .  Metals  because  of  their  elastic  properties  are 
good  candidates  for  such  artificial  structures,  although  their  high  evaporation  temperatures  and 
chemical  properties  need  specific  conditions  of  elaboration. 

A 


B 


A 

B 


A 


Fig.  1. Structure  of  a  superlattice. 

Three  kinds  of  modulations  are  combined.  The  single  crystal  stacking  is  constituted  by  elements  A 
and  B  layers  of  Da  and  Db  thicknesses  consisting  in  nA  and  ns  layers  with  lattice  parameters  dA 
and  dB  respectively.  The  modulation  wavelength  is  given  by  A=  Da  +Db. 

In  the  following,  the  respective  thickness  of  layers  will  be  called  x  and  y. 

3.  GROWTH  OF  IRON  ON  RUTHENIUM  AND  OF  Fex/Ruy  SUPERLATTICES. 

Though  there  is  a  huge  mismatch  between  lattice  parameters  of  hep  Ru  (a=2.7lA,  c=4.28A) 
and  of  an  hypothetical  hep  Fe  phase  at  ambient  pressure  (a=2.53A,  C-4.06A),  the 
thermodynamical  considerations,  evaluated  by  the  empirical  approach[8]  are  suitable  to  stable 
Fe/Ru  interfaces.  So  we  have  prepared  epitaxial  films  by  deposition  of  Ru  and  Fe  layers  in  a  RIBER 
EVA32  MBE.  The  Fe  and  Ru  molecular  beams  were  produced  by  electron  beam  gun  evaporation  in  an 
Ultra  High  Vacuum  chamber  (10*^0  torr  during  evaporation).  The  layer  thickness  was  monitored 
by  quartz  microbalances. 

The  first  stage  consisted  in  oetting  a  single  crystal  Ru  surface.  Buffer  layers  of  (0001) 
ruthenium  with  a  thickness  from  20oA  to  400A  have  been  grown  on  (lT20)  oriented  sapphire  and 
(0001)  mica.  The  temperature  of  the  substrate  was  chosen  as  a  compromise  to  obtain  a  good 
epitaxy  without  interdiffusion.  The  crystalline  quality,  the  atomic  scale  flatness  of  the  growth 
front  and  orientation  of  the  Ru  surfaces  were  checked  in-situ  by  RHEED  (Reflexion  High  Energy 
Electron  Diffraction).  Then  we  have  deposited  Fe  on  this  (0001)  Ru  surface.  RHEED  patterns  gave 
the  proof  of  an  epitaxial  growth  of  an  in-piane  hexagonal  structure  of  Fe  on  Ru  . 

We  could  determine  that  the  critical  number  of  atomic  layers,  i.e.  the  maximum  layer 
number  for  keeping  the  single  crystal  bidimensional  structure,  was  about  14  A,  i.e.  7  atomic 
layers.  Over  this  number,  the  RHEED  patterns  became  broad.  A  phase  transition  probably  occurred 
because  the  coherency  strains  were  relieved. 
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In  order  to  elucidate  the  occurence  of  the  hexagonal  structure  of  in  the 
tridimensional  state,  we  have  deposited  by  the  same  way  Ru  on  Fe  then  Fe  on  Ru.  and  so  obtained  or 
the  first  time[91  a  periodic  stacking  of  single  crystal  artificial  structures.  Fig.2 
of  the  Fex/Ruy  superlattices  we  gained.  The  smallest  thickness  we  have  realized  in  a  superlattice 

was  4A,  i.e.  2  monolayers,  for  each  component. 


Fig.2.  Fex/Ruy  Superlattice 

4.  STRUCTURAL  PROPERTIES  OF  Fe/Ru  SUPERLATTICES. 


4.1.  atrucTure  or  i-e^/Jiiiy  supenauivga>  o 

Towards  an  electromagnetic  radiation,  the  superlattice  must  be  considered  as  a  modulated 
electronic  density  where  three  periods  are  in  competition:  interplanar  distances  dA  and  de  of 
components  A  and  B,  and  the  period  of  the  modulation  A.  The  scattering  amplitude  by  such  a  one 
dimensional  system  is  given  by: 

l(q)a  S(q)2‘F(q)2 

where  q  is  the  modulus  of  diffusion  vector,  F(q)  the  structure  factor  and  S(q)  the  modulation 

function.  These  functions  have  been  calculated  for  Fe/Ru  superlatticesIlOj.  / 

The  experimental  consequence  is  the  presence  of  modulation  peaks  at  low  angles  (small  q) 
and  diffraction  peaks  at  higher  angles  surrounded  by  satellites,  the  intensity  of  which  depends  on 

the  respective  position  of  maxima  in  functions  S(q)  and  F(q).  ^  „  ...  oun  idc 

X-ray  diffraction  experiments  have  been  performed  on  a  High  Resoli^ion  philips 
Diffractometer  using  a  4  crystals  monochromator  which  delivers  a  pure  Co  Kai  radiation 

Fe(4A)/Ru(4A)  44  Fig.  3,  d«on  panem 
presents  small  angle  scattering  peaks  and  high  angle  satellites  around  the  principal  P®3ks  of  the 
superlattice,  as  a  proof  of  well  periodic  structures  with  sharp  interfaces.  The  real  period  A  is 
deduced  from  their  position,  and.  when  compared  to  the  nominal  values,  allows  a  precise 
calibration  of  deposition  rates  of  Fe  and  Ru. 


-152- 


ae.o  40.d  ii.i  ao.t  toe.t  tao.o 

26  D«gr««B 


Fig.3  X-Ray  diffraction  pattern  on  Fe(4A)/Ru(4A) 

High  angle  diffraction  patterns  with  the  diffusion  vector  q  perpendicular  to  the  surface  show 
clearly  that  the  (0001)  axis  is  parallel  to  the  growth  direction,  i.e.  the  (000  2*1)  planes  are 
oriented  in  the  sample  plane.  However,  the  tridimensionnal  hep  structure  is  not  demonstrated  by 
such  data.  The  hep  ABAB...versus  cfc  ABCABC...  stackings  sequences  have  to  be  elucidated.  At 
present,  the  most  convincing  arguments  in  favor  of  the  hep  ABAB...stacking  structure  merges  from 
powder  diffraction  patterns  on  ground  superlattices  showing  only  characteristic  peaks  of  hexagonal 
symetry,  and  from  the  observation  of  (lT23)  diffraction  peaks  corresponding  to  out-of-plane 
hexagonal  crystallographic  axes. 

From  the  precise  determination  of  the  (000  2*1)  and  out-of-piane  peaks  positions,  we 
have  deduced  the  values  of  a  and  c  mean  lattice  parameters,  we  have  plotted  them  v^sus  x/(x+y) 
and  extrapolated  to  pure  Fe  (y=0).  This  leads  to  values  of  aFe*2.64A  and  cpe-^.ISA  which  are 
surprisingly  large  compared  with  the  expected  values  in  an  hypothetical  hep  Fe  structure 
aFe=2-53A  and  CFe=4-08A . 

Indeed,  that  is  to  be  related  to  the  stretched  Fe  basal  planes  due  to  the  pseudomorphic 
epitaxy  with  Ru.  The  atomic  volume  calculated  from  those  distances  12.8A®  is  expanded  by  10%  at 
least  in  comparison  with  the  bcc,  fee  or  the  hypothetical  hep  Fe  phase  (1 1  .sA")-  That  is  the  most 
interesting  structural  result  with  respect  to  the  physical  properties  we  aimed. 

4.2.  Interfaces 

The  sharpness  of  the  Fe/Ru  interfaces  is  a  critical  point  in  the  understanding  of  the 
stabilization  of  hep  Fe  epitaxial  layers  and  on  its  effect  on  the  magnetic  properties.  A  qualitative 
insight  into  the  interfaces  sharpness  relies  in  the  observation  of  diffraction  peaks  at  low  angles  and 
satellites  around  the  (000  2*1)  superlattice  peaks.  Moreover,  quantitative  data  are  achieved  by 
simulation  of  X-Ray  diffraction  patterns.  The  recursive  model  we  used[10]  describes  the 
superlattice  as  an  atomic  stacking  where  on  the  one  hand  a  disorder  coefficient  similar  to  a  Debye- 
Waller  factor  represents  the  interface  roughness,  and  on  the  other  hand  a  random  thickness  error 
by  Monte  Carlo  calculations  is  introduced.  The  best  fits  were  obtained  with  a  roughness  of  1 A  and  a 
thickness  error  of  2A.  This  last  value  is  quasi  equal  to  c/2,  i.e.  a  monolayer.  That  is  understandable 
if  we  consider  that  the  main  imperfections  in  the  superlattices  are  monoatomic  steps.  A 
confirmation  of  that  merges  from  the  observation  of  modulation  peaks  for  the  thinnest  superlattice 
Fe(4A)/Ru(4A),  i.e.  Fe(2  monolayers)/Ru(2  monolayers). 

Observations  by  cross-sectional  Transmission  Electronic  Microscopy  give  a  direct  view  of 
the  stacking.  On  Fig.4-a  in  High  Resolution[11]  conditions,  there  is  an  evidence  of  coherence 
between  Fe  and  Ru  atomic  layers,  and  of  well  defined  interfaces.  However,  dislocations  clearly  come 
up  from  the  interface  with  the  sapphire  substrate  and  increase  through  the  Ru  buffer  and  the 
stacking.  That  means  that  the  substrate  surface  quality  is  a  crucial  condition  for  a  regular  single 
crystal  superlattice.  Fig.4-b  shows  how  in  a  superlattice  Fe(2lA)/Ru(43A),  a  long  range 
roughness  occurs  from  the  bottom  to  the  surface  of  the  stacking.  The  lattice  strains  have  relieved 
because  the  Fe  thickness  is  higher  than  the  critical  one. 
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Fig.4-a 


Fig.4-b 


Fig.4.Cross-sectional  TEM 

4-a.HRTEM  on  a  Fe(x=12A)/Ru(78A)  superlattice  grown  on  a  200A  Ru  buffer  and  a  sapphire 
substr3t6 

4-b.TEM  on  a  Fe(x=2lA)/Ru(43A)  superlattice  grown  on  a  200A  Ru  buffer  and  a  mica  substrate. 

5.  MAGNETiC  PROPERTIES  OF  Fe/Ru  SUPERLATTICES. 

MOssbauer  spectroscopy  experiments  have  been  achieved  with  the  aim  of  gaining  a 
microscopic  view  on  the  Fe  magnetism  and  aiso  to  characterize  the  iocai  structure  around  the  Fe 
atoms[12].  All  the  samples  exhibit  a  doublet  at  room  temperature  resulting  from  a  quadruple 
splitting  due  to  a  6-fold  local  axial  symmetry.  These  results  agree  with  the  hexagonal  structure  of 
Fe/Ru  superlattices. 

Two  different  families  of  samples  have  been  investigated  for  their  bulk  magnetic  properties 
by  SQUID  magnetometry.  In  the  first  family,  the  Ru  thickness  was  kept  constant  (24A)  and  the  Fe 
thickness  was  changed.  The  absence  of  spontaneous  magnetization  in  Fe  layers  thinner  than  4 
monolayers  and  a  subsequent  increase  of  1 .7  pB  per  atom  in  the  additional  layer  suggests  that  the  2 
Fe  layers  at  the  interface  with  Ru  are  non-magnetic,  whereas  the  next  ones  are  fully  polarized, 
with  a  moment  of  1.7  pB/Fe.  This  is  not  too  far  from  theoretical  predictions[6]  and  must  be 
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related  to  the  volume  expansion  10%  for  the  Fe  layers  due  to  the  pseudomorphous  growth  with  Ru. 
The  absence  of  Fe  magnetism  at  the  interfaces  is  certainly  due  to  a  strong  hybridization  of  the  Fe 
electronic  bands  with  the  broader  bands  of  Ru  and  gives  another  insight  of  the  sharpness  of 
interfaces. 

In  the  second  family  of  samples,  the  Fe  thickness  has  been  kept  constant  (I2A)  to  check  the 
interactions  through  the  Ru  iayers.  From  the  typical  hysteresis  curves,  there  is  an  evidence  of  an 
orientation  of  magnetic  moments  in  the  plane,  and  of  saturation  magnetization  and  coercitive  fieid 
larger  for  the  sample  with  thinner  layers  of  Ru.  That  means  that  a  magnetic  coupling  between  Fe 
layers  through  Ru  layers  clearly  occurs.  More  detailed  investigations  concluded  to  an 
antiferromagnetic  interlayer  coupling  which  becomes  very  weak  for  a  Ru  thickness  of  about  12 
monolayers. 

Concerning  transport  properties,  very  weak  residual  resistivities  (less  than  IpHcm)  is  a 
further  evidence  of  a  high  degree  of  order  in  the  superlattices,  particularly  at  the  interfaces. 
Recent  magnetoresistance  measurements  have  shown  very  small  negative  components  at  low 
magnetic  fields,  but  for  the  moment  there  is  no  evidence  of  giant  magnetoresistance  unlike  that  has 
been  observed  in  other  systems[4]. 

6.  CONCLUSION. 

Throughout  the  example  of  Fe/Ru  superlattices,  we  have  shown  that  it  is  possible  to  tailor 
new  artificial  modulated  metallic  materials  with  sharp  interfaces  (one  atomic  layer),  and  to 
display  interesting  structural  and  physical  properties. 

Fe  epitaxially  grown  by  MBE  on  Ru  is  stabilized  in  an  expanded  (10%  in  volume)  hep 
metastable  structure.  Consistently  with  theoretical  predictions  this  new  phase  corresponds  to  a 
magnetic  state. 

We  have  elaborated  Fe/Ru  superlattices  with  sharp  interfaces.  Correlatively,  the  magnetic 
interfaces  are  also  sharp.  Except  for  two  atomic  layers  near  the  interface,  the  Fe  sites  carry  a 
large  moment.  Magnetization  and  magnetoresistance  suggest  that  a  coupling  occurs  between  the  Fe 
layers  and  through  the  Ru  layers.  This  coupling  could  be  antiferromagnetic  but  there  is  no  giant 
magnetoresistance. 

The  successive  stages  of  the  study  we  have  described  may  be  applied  to  other  systems  where 
Fe  could  be  associated  with  other  metals. 
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ABSTRACT  .... 

The  French  Navy  has  been  using  composite  materials,  either  monolithic  or  sandwichs  for 
several  years,  in  ship  building.  These  materials  are  used  on  surface  vessel  hulls  such  as 
mine  hunters  and  on  several  submarine  structures. 

In  order  to  guarantee  a  sufficient  level  of  reliability  and  durability,  the  DCN  had  to 
developped  specific  methods  for  the  non-destructive  testing  of  these  materials  such  as 

infrared  thermography.  u  •  * 

This  technique  consists  of  monitoring  the  structure  surface  ternperature  with  a  infrared 
camera,  after  a  given  excitation.  This  method  can  be  used  with  either  a  mechanical 
(vibrothermography)  or  phothermal  excitation  (photothermography).  An  experimental  set¬ 
up  using  this  technique  was  developped  for  testing  composite  structures  at  the  dockyard. 

1. INTRODUCTION 

The  French  Navy  has  been  using  composite  materials,  either  monolithic  or  sandwichs, 
for  severals  years  in  ship  building.  A  presentation  of  some  of  the  industrial  composite 
production  of  the  French  DCN  (Direction  des  Constructions  Navales)  was  reported  at  the 
first  French-Japanese  seminar  of  composite  materials  held  in  March  1990  at  Paris  [1].  It 
has  been  shown  that  the  use  of  composite  materials  are  various  ;  ship  construction  (hull  of 
minehunter),  elements  of  submarines,  torpedos,  radomes... 

In  order  to  guarantee  a  sufficient  level  of  reliability  and  durability,  the  DCN  had 
developped  specific  methods  for  non-destructive  testing  of  these  materials.  One  of  the  most 
interesting  methods  is  the  infrared  thermal  inspection,  which  is  specially  convenient  to 
inspect  quickly  large  surface  of  structures.  This  method  can  be  used  either  with  a 
mechanical  excitation  :  "vibrothermography",  or  with  photothermal  excitation  : 
"photothermography". 

2.HEAT  TRANSFER  IN  COMPOSITE  MATERIALS 

The  governing  three-dimensional  differential  equation  in  the  case  of  anisotropic 
materials  1s  given  by  : 

(1)  d/dxi  (kjj  9T/9xjy+  Q  =  p  c  9T/9x 

for  i ,  j  =  1^21^  where  kjj  is  the  thermal  conductivity  tensor,  T  is  temperature  ,  Q  is  internal 
heat  generation  rate  per  unit  volume,  c  is  the  specific  heat,  p  is  the  density,  and  x  is  time. 
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Because  an  IR  camera  allows  measurements  of  the  temperature  field  only  at  the  surface 
of  the  specimen,  it  is  then  necessary  to  use  a  bidimensional  approximation  of  Equation  1. 
If  the  thickness  f  of  the  specimen  is  small  compared  with  some  otfier  dimensions,  one  can 

consider  that  the  temperature  T(x,y,z)  and  the  heat  generation  rate  Q  are  constant  over  the 
thickness,  to  obtain  : 

(2)  t  d/dxj  (kjj  de/3xj)  -  a0  +  Q  =  p  C  dd/dx 

for  i  ,  j  =  1,2,  where  6  is  surface  temperature  rise  above  ambiant,  a  is  a  radiative  and 
convective  heat  loss  coefficient,  ranging  about  10/m2/K  for  CFRP,  and  Q  is  the  heat 
generation  rate  per  unit  area.  During  vibrothermographic  tests,  a  steady  state  field  of 
temperature  is  obtained  (at  least  for  the  time  scale  of  the  camera)  and  is  given  by  : 

(3)  t  d/dxi  (kjj  ae/9xj)  -  a0  =  -  Q 

for  i,j  =  1 ,  2.  This  equation  describes  the  different  heat  transfer  mecanisms  involved 
during  a  vibrothermographic  test.  The  interaction  of  internal  flaw  surfaces  during  vibration 
is  represented  by  the  term  Q.  Therefore,  because  of  the  diffusion  of  heat,  the  observed 
thermal  picture  0  is  a  fuzzy  and  mistaken  representation  of  the  real  damage  state  in  the 
material.  Equation  (3)  can  be  solved  to  obtain  a  map  of  Q  by  using  the  temperature  field 
digitized  and  stored  into  a  memory  computer. 

3.  VIBROTHERMOGRAPHY. 

Vibrothermography  uses  high-frequency,  low-amplitude  mechanical  vibrations  to  induce 
localized  heating  in  a  material.  The  frequency  of  excitation  is  varied  in  such  a  way  that 
local  flawed  regions  are  set  into  local  resonance.  A  very  strong  source  of  energy 
dissipation  frequently  develops  as  a  result  of  the  interaction  of  internal  flaw  surfaces  during 
local  vibration  motions. 

Vibrothermography  has  been  proved  very  useful  in  the  detection  of  impact  damage  in 
many  plastics  materials  such  as  sandwich  composite  panels  or  glass-epoxy  panels  [2]. 
Composite  laminate  specimens  of  CFRP  and  GFRP  were  impacted  by  dropping  steel 
cylinders  from  different  heights  to  have  differents  impacts  energies,  ranging  from  5  to  20 
Joules.  The  specimens  were  attached  to  a  piezoelectric  shaker  and  then  vibrated.  The 
frequency  of  excitation  was  chosen  by  sweeping  it  between  1 0  and  20  kHz  until  the  best 
thermal  contrast  around  the  damaged  regions  was  obtained.  The  specimens  were  then 
vibrated  at  a  fixed  frequency.  When  a  steady-state  field  of  temperature  was  obtained,  the 
resulting  thermal  patterns  were  recorded. 

A  standard  IR  camera,  an  Agema  AGA  780,  was  used  in  this  study.  The  video  signal  is 
digitized  by  an  8-bit  analog-to-digital  convertor  at  500  kHz  sample  rate  and  sent  at  the 
same  rate  into  a  screen  buffer;  The  data  are  then  transferred  into  a  personal  computer  by 
direct  memory  access  (DMA)  channel. 

Some  exemples  of  the  results  are  given  in  pictures  1  to  6.  Fig.  1  is  a  vibrothermogram  of 
a  CFRP  specimen  impacted  with  an  energy  of  20  J  .  The  frequency  of  excitation  was  19 
kHz.  This  vibrothermogram  was  made  by  averaging  100  thermograms  taken  from  a  steady- 
state  temperature  field  and  by  substracting  the  reference  picture  recorded  before  the  test. 
Also  a  spatial  filtering  has  been  done  .  These  processing  allows  to  increase  the  ratio 
signal  maximum  over  noise.  Therefore,  the  impact  area  is  clearly  indicated  by  the  hot  spot 
in  the  center  of  the  picture.  The  two  curves  on  the  top  and  the  left  are  cross  section  of  the 
temperature  field  for  an  abcissa  and  ordinate  indicated  by  the  black  window  in  the  center  of 
the  picture.  Figure  2  is  a  3-D  representation  of  the  same  picture.  Figure  3  and  4  are  a  heat 
source  map  computed  by  the  use  of  the  temperature  field  of  fig  land  2  .  The  effects  of  the 
conduction  are  eliminated,  and  the  heat  source  boundary  is  clearly  delineated. 

Fig  5  is  a  vibrothermogram  of  a  GFRP  specimen  impacted  at  two  different  locations. 
Figure  6  is  a  3D  representation  of  the  same  picture.  The  impact  energy  was  J.  The 
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Rg1  :  vibrothermogram  of  impacted  CFRP  specimen,  Fig2  : 3-D  representation 

with  averaging  100  thermogramms  and  spatial  fiitering. 


Fig  3  :  Heat  source  map  computed  by  the  use  Fig  4  :  3D-representation 

of  temperature  field  of  fig.  1 . 


Fig.5  :  Vibrothermogram  of  GFRP  specimen  Fig  6  :  3D-representation 

impacted  at  two  differents  locations. 
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specimon  was  vibrated  at  a  frequency  of  18  kHz.  In  this  case,  the  damage  area  is  easily 
located  because  the  thermal  conductivity  of  the  GFRP  (in  the  fiber  direction)  is  about  20 
times  lower  than  the  thermal  conductivity  of  a  CFRP.  The  effects  of  heat  condudion  are 
reduced,  thereby  increasing  the  sharpness  of  the  temperature  gradients  by  the  same 

a  conclusion,  vibrothermography  allows  a  good  detection  and  characterization  of 
impacts  damages  on  samples,  if  digital  image  processing  techniques  are  used  ,  specially 
when  dealing  with  poor  to  noise  ratio  images. 

4.  PHOTOTHERMOGRAPHY 


Photothermography  is  based  upon  the  observation  of  the  temperature  surface  of  a 
material  after  deposition  of  a  transient  heat  flux  at  its  surface.  If  defects  or  inclusions  are 
present  in  the  material  depth,  they  will  give  rise  to  thermal  discontinuities  and  hot  spots, 
which  are  to  be  detected  by  the  infrared  camera. 

This  technique  was  at  the  research  and  development  stage  for  the  last  five  years  and 
gave  rise  to  a  semi-industrial  equipment  [3],  which  is  shown  figure  7  and  8.  This  system  is 
enough  compact  to  allow  on  site  testing.  It  is  made  of  the  following  elements  : 

-  A  linearly  focused  heat  source 

-  An  infrared  camera  (AGEMA  780) ,  with  a  real  time  frame  grabber 

-  A  two  axes  frame 

-  A  PC  compatible  computer 

-  Several  specifically  designed  softwares 

The  digitization  can  be  obtained  with  two  modes  : 

I  inp  snanner  mode  :  In  this  mode,  the  vertical  mirror  is  fixed  and  the  camera  dehors 
only  infrared  lines.  An  image  is  formed  by  the  vertical  motion  of  the  two  axis  frame.  The 
scanning  rate  is  controlled  by  the  computer. 


Fig.  7  and  8  :  Picture  of  the  photothermography  equipement 
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Image  mode  :  In  this  mode  the  infrared  camera  delivers  infrared  picture  at  a  frame  rate  of 
25  images/seconds.  The  heat  deposition  is  made  by  the  infrared  tube  moved  by  the  two 
axis  frame  at  the  surface  of  the  specimen. 

4.2  Experimental  results  as  samples 

Several  tests  were  performed  as  samples  of  GFRP  materials  with  simulated  defects. 
These  defects  were  made  of  polyamide  pieces  inserted  into  the  material.  Results  are 
obtained  with  three  modes: 

Surface  heat_deDQSition  and  image  mode  digitization:  In  this  case,  samples  are 
illuminated  by  a  surface  heat  deposition  device.  The  infrared  camera  is  used  in  its  natural 
image  scanning  mode.  Figure  9  present  a  thermal  picture  obtained  on  a  defect  after  a 
digital  processing.  The  filter  used  removed  the  gradient  of  temperature  at  the  surface. 

Line  heat  deposition  and  image  mode  digitization  :  This  mode  allows  an  easy  set-up  of 
all  parameters,  but  the  heat  deposition  is  not  optimised.  Figure  10  presents  an  infrared 
image  obtained  on  the  defect  as  figure  9.  The  vertical  thermal  profil  shows  a  temperature 
gradient. 

Line  heat  deposition  and  line  scanner  digitization  :  Figure  11  shows  a  reconstructed 
picture  of  the  defect  previously  discussed.  In  this  case,  on  can  see  a  good  density  of  heat 
repartition. 

4.3  On  site  testing 

On  site  testing  of  real  structures  have  been  carried  out  in  a  ship  yard.  Tests  were 
performed  on  submarines  structures.  In  this  case,  heat  deposition  were  performed  by  an 
infrared  focused  line  heater.  Tested  structures  were  made  of  GFRP  sandwich-panels  with  a 
syntactic  foam.  Total  panel  sizes  were  7x5  meters.  Several  natural  defects  were  detected 
at  the  foam/GFRP  interface.  Figure  12  give  an  example  of  the  thermogram  obtained. 

CONCLUSIONS 

The  ever  increasing  use  of  composite  materials  in  the  military  ship  building  has  lead  the 
DCN  to  develop  several  methods  of  Non  Destructive  Testing,  in  order  to  assess  a  good 
level  of  quality  and  reliability  of  these  structures.  Infrared  techniques  are  particularly 
convenient  for  these  testing. 

Vibrothermography  does  not  require  external  heat  deposition  and  allows  to  obtain  a 
good  detection  and  characterization  of  impact  damages  on  GFRP  and  CFRP  samples.  This 
method  is  specially  convenient  on  relatively  little  structures. 

Photothermography  is  based  upon  the  monitoring  of  surface  temperature  after  heat 
deposition,  and  is  of  more  general  use.  An  automated  device  was  developed.  It  allows  a 
good  detection  and  characterization  of  artificial,  such  delaminations,  on  sandwichs  and 
monolithic  composites. 

On  site  tests  were  performed  on  large  structures.  Natural  defects  were  detected  which 
proves  the  efficiency  of  this  methods  to  testing  the  composite  materials  used  in  the  military 
ship  building. 
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Fig  12  :  Photothermogram  on  a  on-site  structure  of  GFRP/syntactic  foam  panel. 
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Abstract 

Carbon-Carbon  (C/C)  is  a  light  weight  refractory  composite,  and  a  prime 
candidate  material  for  hot  sections  of  space  vehicles  which  are  exposed  to 
severe  aerodynamic  heating  during  re-entry.  A  resin  char  process  was  chosen 
for  making  C/C,  and  2D  carbon  cloth  and  phenolic  resin  were  selected  for  the 
preforming  materials, to  get  high  strength  and  to  enable  relatively  complex 
shape  forming.  To  prevent  oxidation  at  high  temperature,  we  have  established 
multilayer  coating  method  whose  main  coating  is  Chemical  Vapor  Deposited  (CVD) 
SiC.  Preliminary  data  acquisition  tests  are  conducted,  and  some  trial  products 
such  as  an  integral  skin- stringer  panel  and  other  shaped  components  were 
fabricated  to  develop  forming  process  and  to  demonstrate  the  feasibility  of 
the  material  system. 

Introduction 

Carbon-Carbon  (C/C)  is  a  light  weight  refractory  composite,  and  a  prime 
candidate  material  for  hot  structures  and  Thermal  Protection  Systems (TPS)  of 
space  vehicles  which  are  exposed  to  severe  aerodynamic  heating  during  re-entry . 
Excellent  mechanical  properties  at  elevated  temperatures  up  to  1700  V  make  th 
is  composite  suited  for  the  hot  section  of  reusable  space  vehicles. 

Reinforced  Carbon-Carbon  (RCC),  the  first  generation  of  C/C  for  space 
applications,  was  used  as  the  nose  cone  and  the  wing  leading  edge  material  of 
the  Space  Shuttle  0rfaiter(Ref .1).  Now,  development  of  the  advanced  C/C  is  in 
progress  and  our  study  is  focused  on  advanced  space  transportation  systems 
such  as  H-II  Orbiting  Plane  (H0PE)(Ref . 2)  and  other  spaceplane  concepts. 
Advanced  material  development,  oxidation-protection  coating,  material 
characteristics  testing,  and  fabrication  of  components  are  described  in  this 
paper. 

Material  Development 

Preforming  materials,  reinforcement  structure,  and  fabrication  process 
were  evaluated  to  generate  high  strength  C/C  composites.  Because  the 
developing  target  is  structural  members  for  spaceplanes,  formability  of  large, 
complex  shaped  parts  were  considered  in  the  evaluation.  So, methods  which  would 
not  give  structural  components  in  these  several  years  were  rejected. 
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Table  1  Classification  of  Carbon-Carbon  Composites  by  Reinforcement  Structure 


Reinforcement 

Structure 

Advantages 

Limitations 

Total 

Evalu¬ 

ation 

UD  (Uni¬ 
directional  ) 

•High  fiber  volume  fraction 
•Highest  in-plane  strength 
•  Fiber  orientation  flexibility 
(easy  to  get  anisotropic  laminate) 

• Conformability 
for  Complex 
shaping 

Fair 

2D  (Two- 
directional  ) 

•Formability  and  conformability 
for  complex  shaping 
•High  in-plane  strength  as  UD  in 
case  of  quasi -isotropic  stacking 

•  Fiber  orientation 
possibility 

Exe- 

llent 

3D  (Three- 
directional  ) 

•  High  interlaminar  shear  strength 
•High  fracture  toughness 

•  In-plane  strength 
• Preformability  & 
conformability 
for  shaping 

Good 

Reinforcement  structure  for  C/C  composites  is  classified  as  UD,  2D,  or  3D 
reinforcement,  like  the  Polymer  Matrix  Composites  (PMC).  Advantages  and 
limitations  of  each  reinforcement  structure  are  listed  in  Table  1.  As  a 
result  2D  carbon  cloth  and  phenolic  resin  were  selected  for  the  preforming 


materials. 

Candidate  fabrication  process  of 
C/C  composites  are 

•  Hot  Press, 

•  Hot  Isostatic  Pressing  (HIP), 

•  Chemical  Vapor  Infiltration  (CVI), 

•  Resin  Impregnation  (Resin  Char). 

From  the  view  points  of  formability  and 
fabricating  cost,  resin ^  impregnation 
process  was  selected.  The  process  is 
common  for  C/C  composites  fabrication, 
and  was  applicated  to  Reinforced  Carbon/ 
Carbon(RCC)  of  the  Space  Shuttle  Orbiter 
(Ref.3).  The  process  is  charted  in  Fig.l 
A  net  shape  cured  preform  is  carbonized, 
then  impregnation  and  carbonization/ 
graphitization  are  repeated  several 
times  to  fill  pores  in  matrix  by  carbon. 

Oxidation- Protect ion  Coating 

C/C  composites  keep  their  strength 
at  over  2000*C  in  non-oxidation  enviro- 
ments.  But  they  oxidize  rapidly  over  500 
—  600  in  the  air.  So,  a  critical 

technical  issue  for  C/C  is  coating  tech¬ 
nology  to  prevent  oxidation.  The  target 
temperature  of  oxidation-protection 
coating  has  been  set  to  1700®C  ,  based  on 
aerodynamic  heating  calculations  of  the 
H0PE(Ref.4). 


Carbonization/ 

Resin  or  Pitch 

Graphitization 

Impregnation 

A 


Carbon  Carbon  Composites 


Fig . 1  Production  Scheme  of  Resin 
Impregnation  Process 
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Coating  materials  are  requested  not 
only  their  own  characteristics  such  as 
heat  resistance  and  low  volatility,  but 
also  chemical  and  mechanical  compati¬ 
bilities  with  C/C  substrate.  And  weight 
reduction  by  thinning  coating  layer  is 
required  especially  for  space  appli¬ 
cations.  Among  ceramic  materials  which 
meet  the  requirements,  Silicon  Carbide 
(SiC)  has  been  selected  as  most  feasible 
material . 

Typical  techniques  for  ceramic  coating  are  listed  in  Table  2.  Among 
them, Chemical  Vapor  Deposition(CVD)  technique  can  generate  tight  and  pure 
coating  layers  which  endure  1700°C  .  But  if  the  CVD-SiC  layer  is  directly 
deposited  on  C/C  substrate,  delamination  will  occur  by  difference  of  thermal 
expansion.  To  resolve  this  problem,  we  inserted  a  thermal  stress  relaxation 
layer  between  C/C  substrate  and  CVD-SiC  layer.  And  more,  SiOa  overcoating  was 
added  toseal  micro  cracks  of  CVD-SiC  layer. 

Coated  samples  were  evaluated  by  plasma  flame  exposure  tests.  High  speed 
air  flow  from  plasma  gun  dynamically  heated  the  sample  to  1300,  1500,  and 

1700®C  .  Six  minutes  exposure  was  repeated  ten  times  for  each  temperature.  As 
the  results  shown  in  Fig. 2,  total  weight  losses  were  less  than  30mg  which  was 
0.6%  of  original  sample  weight.  And  more,  bullet  shaped  specimens, whose  nose 
radius  were  17.5mm,  survived  arc  heated  wind  tunnel  tests. 


Table  2  Techniques  for  Coating 


Glass-type  Ceramic  Coating 
Diffusion/Conversin  Coating 
Solution  Ceramic  Coating 
Plasma  Spray 

Chemical  Vapor  Deposition 
Physical  Vapor.  Deposition 


Weight  loss  [mg] 


- 1300“C 

. IBOO^C 

— -1700“C 


Material  Characteristics  Testing 

Typical  data  from  preliminary  data  aquisltion  test  results  of  developped 
C/C  are  shown  in  Fig. 3.  As  compared  with  NASA  RCC  design  allowables  (Ref.l), 
which  are  also  shown  in  Fig.  3,  much  higher  values  have  been  obtained. 
The  effects  of  temperature,  coating,  and  testing  methods  are  also  evaluated. 
The  example  of  the  results  are  listed  in  Table  4.  No  strength  reduction  due 
to  high  temperature  or  coating  have  been  recognized. 
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strength [MPa] 


Stiffness[GPa] 


Table  4  Effect 


Test 

Temperature 


-50"C 

Room  Temp. 
Room  Temp. 
Room  Temp. 
1700V 
1700V 


of  Temperature, Coating, Testing  Method  on  Flexural  Properties 


Coating 


Testing 

Method 


Strength 

[MPa] 


Stiffness 

[GPa] 


No 

No 

Coated 

Coated 

No 

Coated 


4  points 
4  points 
4  points 
3  points 
3  points 
3  points 


371 

347 

360 

439 

448 

551 


74 
79 

75 
68 
64 
90 


Fabrication  of  Components 

structural  members  of  spaoeplanes  and  those  of  other  space  applicasions 
have  relatively  complex  shapes.  So,  some  trial  products  were  fabricated  to 
develop  forming  process  and  to  demonstrate  feasibility  of  the  materia 

An  integral  skin-stringer  panel  simulating  a  prime  structural  member  of  a 
spaceplane  hot  structure  was  successfully  f abricated( see  Fig. 4). The  panel  is 
SOOmm  width  by  1000mm  length,  and  stiffened  by  three  blade-type  stringers. 

A  nosecone-like  component  (Fig. 5)  is  380mm  in  diameter  and  200mm  in 
height, and  have  small  radius  of  curvature.  A  leading  edge-like  component  was 
also  fabricated  to  demonstrate  complex  shape  formability  (Fig. 6). 
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Fig.  6 
Leading  Ei 
Component 


[ip 


Conclusion 


AS  a  result  of  the  development  activities,  basic  problems  on  fabricating 
structural  members  have  been  resolved.  We  have  obtained  high  strength  and 
hioh  modulus  C/C  materials,  fabrication  technologies  of  complex  shaped 
components,  and  oxidation-protection  coating  system  up  to  1700'C  .  Next  targets 
are  design  data  acquisition,  joining  technology  such  as  thermal-stress-free 
fasteners,  and  low-cost  coating  technology  for  relatively  low  temperature 
areas  Work  in  these  areasis  now  ready  to  start.  We  hope  advanced  space 
transportation  vehicles  made  of  C/C  and  other  advanced  materials  go  to  space 
inlate  1990 's. 
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ABSTRACT 

Advanced  joint  of  graphite/epoxy  composite  materials 
reinforced  by  three  dimensional(3-D)  fabrics  has  been  designed, 
fabricated  for  prototype  and  evaluated. 

Graghite  fiber  reinforced  plastic  materials  have  advantages 
of  it's  lightweight  and  high  strength  for  use  in  space 
structure.  Specially,  light  joint  of  composite  truss  structure 
for  the  satellite  component  is  one  of  most  important 
technical  subjects. 

Compressive  strength  and  tensile  strength  of  advanced  joint 
were  measured  and  fabrication  cost  was  evaluated.  Materials 
and  fabrication  costs  were  cut  down  28%  and  the  weight  of 
16%  was  reduced  compairing  with  uni-directional  tape 
laminated  composites. 

1.  INTRODUCTION 

Composite  materials  reinforced  by  such  fibrous  structure 
are  not  only  lightweight  but  are  superior  in  specific 
strength,  specific  rigidity  and  low  thermal  expansion,  so 
that  they  have  great  value  not  only  in  the  above-mentioned 
applications  but  also  in  many  other  industrial  field.  The 
strength  characteristics  of  such  composite  materials  are 
largely  dependent  on  the  fiber  content,  weave  and 
construction,  matrix  and  the  like  of  the  fibrous  structure 
used  as  a  reinforcement. 

However,  the  known  technology  can  be  applied  only  when 
fibrous  structure  is  comparatively  simple  in  profile  or 
configuration  and  only  when  various  portions  of  each  fibrous 
structure  are  comparatively  uniform  in  fiber  density. 
Moreover,  in  the  manufacture  of  a  fibrous  structure  having 
an  intricate  profile,  a  cutting  operation  must  be  performed 
which  may  cause  breakage  of  fibers  leading  to  reduction  of 
strength.  Also,  the  known  technology  does  not  provide  a 
usable  means  for  manufacturing  a  bottomed  hollow  element,  i. 
e. ,  a  hollow  member  having  a  bottom  wall,  and  when  it  is 
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desired  to  assure  a  great  reinforcing  f  BwJ 

direction,  it  is  necesary  to  increase  the  strength 
entire  fibrous  structure,  so  that  the  resulting  fibrous 

structure  has  not  the  disadvantage  of  increased  weight. 
Moreover,  in  forming  an  article  havijig  corners 

laminated  fabric  material,  the  resin  forms  pools  Vhich 

causes  a  decrease  in  strength  or  a  sacrifice  of  strength  at 

the  object  of  this  advanced  joint,  therefore,  to 

provide  a  fibrous  structure  for  reinforcing  a  composite 

materill  having  a  compUcated  profile,  particulary  a 

bo\tomid  hollow  plUar-shapad  eleMent  lateral 

nroiections  such  as  fins,  and  which  is  capaoie  or 

displaying  high  strength  in  a  selected  direction  and 
free  of  any  remarkable  fiber  breakage  or  resin  pools. 

2.  CONCEPT  OF  3-D  STRUCTURE 

Fig.  1  shows  the  basic  fiber  arrangement  ^hat^  was  used  on 
Advanced  joint.  Fig.  2  shows  an 

advanced  joint.  This  orthogonary  woven  3-D  fibrous  structure 

consists  of  yarns  arranged  in  three  directions  X,  Y  and  Z 

SSd  i  integrally  woven  as  to  form  the  final  configuration  of 
the  structure  without  using  such  methods  as  stitching 
Slmical  borSing.  Bottom  layers  of  the  hollow  square-pillar 
portion  of  the  body  is  made  thicker  than  top  layers  of  it. 
tS?  fins  are  outwardly  extending  from  points  at  two  corners 
on  the  bottom  wall  at  the  angle  of  45  degrees. 


rsSSSSSl]SiS;| 


uummmmuuWjUm 

Sfil 


THE  SCHEMA  OF  ADVANCED 
JOINT  OF  3-D  COMPOSITE 

Fig.  1  BASIC  FIBER  ARRANDEMENT  MATERIALS 


2.1  MOLDING  PROCESS 

Molding  processes  for  3-D  fabric  are  shown  in  Fig.  3.  This 
figure  also  shows  the  comparison  of  fabrication  processes 
between  3-D  and  prepreg.  3-D  molding  processes  is  less 
complicated  than  prepreg.  The  properties  of  epoxy  resin  just 
used  are  shown  Table-1.  This  epoxy  resin  is  very  popular,  but 
we  have  had  some  modifications  of  resin  matrix  to  minimize 
cracks  in  the  resin. 

Table-2  shows  the  processes  of  resin  transfer  molding  used 
in  3-D  Advanced  Joint. 


Fig.  3  COMPARISON  OF  MOLDING  PROCESS 
3D  FABRIC 


PRE-PREG 


CARBON  FIBER 
I  EPOXY  RESIN 


PRE-PREGl - 1  CUTTING  I - 1  LAV  UP  I IdEBULKI 


1 

Table-1  TYPICAL  PROPERTIES  OF  EPOXY  RESIN 


PROPERTY 

VALUE 

Base  resin 

/N.N.N'.N’-telraglycldyl  amino  diphenyl  Methane  \ 

Density  kg/dm»  (Lb/!n>) 

1.27  (0.046) 

Tg  -C  (T) 

210  (410) 

Viscosity 

(Pa.S) 

at  80  *C 

4 

at  100  *0 

0.6 

Flexural  strength  MPa 

230  (33.5) 

Flexural  modulus  MPa 

4100  (596) 
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TgLble~2  RTM  PROCESSES 


ITEM 

PROCESSES 

Temperature  for  resin  transfer  *C  (*F) 

120  (248) 

Injection  Rate  cmVmln 

2.8 

Curing  temperature  *C  (*F) 

180  (356) 

f  kg/cm*(psl) 

Curing  pressure  ^  ' 

so  (714) 

Curing  Time 

2 

mrchanicat.  properties  test 


Advanced  joint  was 
fastened  to  the  test  jig 
by  3/8  inch  diameter  bolt. 

The  schema  of 
mechanical  property  test 
is  shown  in  Fig.  4. 
Maximum  64ookg  of 
compression  load  was 
applied  to  advanced 
joint,  and  then  tensile 
load  was  applied  until 
advanced  joint  was 
failed.  Test  results  of 
mechanical  property  test 
are  shown  in  Table— 3. 

In  case  of  compression 
test,  no  evidence  of 
failure  was  observed. 
Advanced  joint  was 
failed  at  6100kg  in 
tensile  load.  Failure 
was  occured  at 
outersurface  of  the 
bottom  board  around 
bolt  hole. 


TENSION 

COMPRESSION 


ANTENNA  FASTENING 
PORTION 


TEST  PIECE  - 

(ANTENNA  FASTENING 
MEMBER) 


BASE  PLATE  OF 
TESTING  MACHINE 


y  /  /"Z 

Fig.  4 

THE  SCHEMA  OF  MECHANICAL  PROPERTIES  TEST 


4  rOMPARISON  OF  WEIGHT  AND  COST 


A  fibrous  structure  bccor^ng  to  mannit 

Sn^r^enslonal  parts,  ^^were 

impregnated  mth  were fomed  respectively.  The 

'“m?rS?/s  ■"5S?e“%her  su»  to"  tensile  and 
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compression  tests  on  a  testing  installation  as  illustrated 
Fig.  4  .  The  data  thus  obtained  are  shown  in  Table-4. 

It  shoud  be  appreciated  also  that  manufacturing  cost  for 
the  joint  formed  from  the  fibrous  structure  of  the  present 

advanced  joint  degreased  by  72%  with  respect  to  the 
comparative  one. 

This  is  due  to  the  fact  that  the  present  advanced  joint 
does  not  require  conventional  operations,  laminating,  cutting, 
fabricating,  and  adhesive  bonding.  Weigt  per  one  joint 
decreased  by  84%. 


RESULTS  OF  MECHANICAL  PROPERTY  TESTS  ON  ADVANCED 
JOINT  OF  3-D  COMPOSITE  MATERIALS 


TEST  METHOD 

FAILURE  LOAD 

FAILURE  MODE 

COMPRESSION 

(>6400  kg) 

NO  EVIDENCE  OF  FAILURE 
OBSERBED  AT  6400  kg 

TENSION 

6100  kg 

TENSILE  FAIL 
AT  BOTTOM 

.URE  OCCUR 

^  r  — r,  r- 

ED 

Table-4  COMPARISON  OF  WEIGHT  AND  COST  BETWEEN  3-D  ADVANCE 
JOINT  AND  2-D  COMPARATIVE  (UD  LAMINATED  JOINT)  THAT 
HAS  SIMILAR  FAILURE  LOAD  WITH  ADVANCED  JOINT 


ITEM 

3-D  ADVANCED 
JOINT 

2-D  COMPARATIVE 

WEIGHT  (g) 

183 

218 

MANUFACTURING 

COST 

72 

100 
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5.  rONCLUSION 

•  4-u  tests  it  is  now  possible  to 

In  accordance  with  these  _  reinforcing  a 

manufacture  having  a  bottomed  cylindrical  or 

?Mrou1  SJu^rl  -gths  ^of 

to  the  maximum  can  be  freely  selected  in 

the  lay-up  °  Js%ne^  strength^ 

accordance  with  the  5®signe  structure  can  be 

Therefore,  the  weight  ^  strength  characteristics  are 

reduced  while  the  n®®®f=®^  now  possible  to  meet  the 
maintained.  As  the  result,  ih  no^^  aircraft  appUcations. 

stringent  requirements  of  _ced  joint  do  not  call  for 

Furthermore,  since  these  a  incidence  of  yarn 

a  cutting  operation,  hh^ere  structure  does  not  involve 
breakage.  Moreover,  as  ^.*l®®®^^^^othe?  joining  operation  for 
a  gluing,  bonding,  seamng  .  .  ^  have  heretofore  been 

of  fo  varn  at  suet 

---ns  can  te  f^^-ctuded. 

Tetsuya  Yamamoto  Is  — ®®|5vanced  composlt^''ln  Nagoya 
materials  P'^°®®w^.?JuMshi  Heavy  Ind.  ,  LTD.  He  has  over 

tf°ySS  %^?5lnce  ?n  adhesive  bonding  and  composite 

TeSo^'Hlrohawa  Is  "^^anvls  Co^L^a 

composite  Materials  ^*^°^^„nerience  in  weaving  technology 
Mng  fabrlJr^D  fabrics  and  special  shaped 

fabrics. 
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SUPERPLASTIC  FORGING  OF  SiCw 
REINFORCED  ALUMINUM  ALLOY 
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Mitsubishi  Heavy  Industries  Ltd.  Nagoya  Aerospace  Systems  Works 
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ABSTRACT 

Plastic  deformation  behavior  at  elevated  temperature  and  room  temperature  mechanical 
properties  after  deformation  of  SiCw  reinforced  aluminum  alloy  (refered  to  as  SiCw/Al) 
were  investigated  in  order  to  optimize  the  condition  of  isothermal  forging.  The  flow 
stress  of  SiCw/Al  decreases  radically  with  increasing  temperature,  and  superplastic  flow 
(m  ^0.3)  can  be  obtained  at  the  temperature  higher  than  (sol idus-SOJ'C  and  at  the  strain 
rate  higher  than  5.0X10'^s*^.  Tensile  strength  of  deformed  SiCw/Al  strongly  depends 
on  the  deformation  temperature,  and  the  highest  strength  was  obtained  when  SiCw/Al  was 
deformed  superplastical ly  at  the  temperature  just  below  the  solidus  line  of  the  matrix. 
Based  on  these  results  the  deformation  condition  of  SiCw/Al  was  optimized,  and  a  model 
missile  wing  was  succesfully  fabricated  by  isothermal  forging,  which  revealed  significant 
weight  advantage  of  SiCw/Al  wing  over  the  conventional  wing.  , 

INTRODUCTION 

SiCw/Al  is  characterized  by  high  strength  and  high  stiffeness  with  little  anisotropy, 
and  relatively  good  workability  compared  with  continuous  fiber  reinforced  aluminum  alloy. 
SiCw/Al  is  manufactured  either  by  powder  metallurgy  or  by  squeeze  casting,  and  these 
manufacturing  technologies  have  been  established  basically.  Authers,  however,  further 
Investigated  the  manufacturing  process  of  squeeze  casting  to  obtain  the  better  mechanical 
properties  in  SiCw/Al,  and  they  developed  ultra  high  strength  material,  27/{SiCw/7075Al. 
The  tensile  strength  of  this  material  is  more  than  1,(100  MPa,  which  is  comparable  with 
that  of  continuous  fiber  reinforced  aluminum  alloys. 

Applicability  of  SiCw/Al  for  stractura I  members  of  advanced  aerospace  components 
became  broader  by  the  development  of  high  strength  materials,  and  now  the  development  of 
fabrication  technologies  has  become  the  key  for  actual  applicaton  of  SiCw/Al.  However, 
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tensile  ductility  of  SiCw/Al  is  relatively  low.  so  that  studies  of  forging  and  rolling  of 
SiCw/AI  have  not  been  completely  successful. 

In  this  study,  plastic  deformation  behavior  at  elevated  temperature  and  room 
temperature  mechanical  properties  after  deformation  of  SiCw/Al,  which  are  essential  for 
development  of  plastic  forming  technologies,  were  studied  in  connection  with  chemical 
compositions  of  matrix  alloys,  volume  fraction  of  SiCw,  and  manufacturing  process. 

MATERIAL  AND  EXPERIMENTAL  PROCEDURE 

Development  of  High  Strength  SiCw/Al 

In  the  manufacturing  process  of  SiCw/Al  by  squeeze  casting,  the  technical  key  points 
to  improve  the  strength  of  SiCw/Al  are  to  refine  SiCw  as  much  as  possible  before 
fabricating  SiCw  preform  and  to  adopt  high  strength  aluminum  alloy  as  matrix.  Based  on 
this  philosophy,  high  strength  material,  27XSiCw/7075Al,  was  developed,  and  tensile 
strength  more  than  l.OOOMPa  was  achieved  in  the  extruding  direction.  Refining  of  SiCw 
has  effects  to  reduce  the  internal  defects  such  as  cluster  of  SiCw  and/or  inperfect 
infiltration  of  matrix  alloy,  and  to  make  dispersion  of  SiCw  uniform.  SiCw  in 
extruded  bar  is  preferentialy  aligned  along  the  extruding  direction,  which  results  in 
anisotropic  mechanical  properties.  .  Tensile  strength  in  transverse  direction,  however, 
is  about  SOOMPa,  which  is  only  25?^  lower  than  that  in  longitudinal  direction. 

Experimental  Materials  and  Procedure 

Materials  used  in  this  study  are  listed  in  Table  1;  Materials  were  manufactured  by 
squeeze  casting  and  they  were  extruded  by  the  ratio  of  more  than  10  to  get  an  alignment 
of  SiCw  along  the  extruding  direction.  Refining  of  SiCw  before  fabricating  preform 
was  applied  for  manufacturing  SiCw/7075AI,  but  not  applied  for  SiCw/6061Al. 

The  plastic  deformation  behavior  of  the  materials  was  examined  by  constant  strain 
rate  compression  test.  The  compressive  specimen  were  prepared  from  the  extruded  bar  as 
shown  in  Fig.l  so  as  to  compress  the  material  parpendicular  to  the  alignment  of  SiCw. 
Tensile  strength  were  examined  under  -T6  condition  of  the  matrix,  in  the  direction  of 
SiCw  alignment. 

RESULTS  AND  DISCUSSION 

Deformation  Behavior 

Fig. 2  and  Fig. 3  show  the  flow  stress  as  a  function  of  temperature  for  SiCw/6061Al  and 
SiCw/7075Al  respectively.  In  both  materials,  flow  stress  decreases  ’  with  increasing 

temperature  and  it  drops  sharply  above  the  temperature  which  is  lower  than  the  solidus 
line  of  the  matrix  by  about  80  *0.  Above  that  temperature,  the  flow  stress  of  SiCw/Al 
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is  lower  than  that  of  the  matrix  alloy  which  is  squeeze  casted  and  extruded  as  the  same 
as  SiCw/Al.  The  lower  flow  stress  of  SiCw/Al  at  the  high  temperature  is  atributable  to 
the  fine  grain  structure,  and  main  mechanism  of  the  deformation  is  supposed  to  be  grain 
boundary  sliding.  And  it  is  also  suggested  that  sliding  at  the  SiCw/matrix  interface 
may  be  contributing  to  the  deformation,  because  the  higher  the  volume  fraction  of  SiCw 
is,  the  lower  the  flow  stress  is.  Fig. 4  and  5  show  the  flow  stress  of  SiCw/Al  as  a 
function  applied  strain  rate  at  various  temperature.  The  strain  rate  sensitivity  index 
”m”  becomes  larger  than  0.3,  in  another  words,  superplastic  flow  is  observed  at  high 
temperature  and  high  strain  rate  condition.  Threshold  temperature  for  superplastic 
flow  is  lower  than  solidus  line  by  about  30 °C  in  both  SiCw/6061Al  and  SiCw/7075Al. 

Cracking  Susceptibility 

Closed  symbols  in  fig.  4  and  5  exhibit  the  deformation  conditions  under  which  cracks 
occured  by  the  50%  reduction.  SiCw/6061Al  often  cracked  when  it  was  deformed  under 
superplastic  conditions  (fig. 4).  Fig. 6  shows  the  representative  cracking  morphologies 
observed  in  SiCw/6061Al.  Specimen  were  deformed  nonuniformly  which  results  in 
nonuniform  crackings.  These  local  deformation  is  supposed  to  be  due  to  the 
nonuniformity  in  dispersion  of  SiCw.  In  these  specimen,  flow  stress  of  SiCw  rich 
portion  is  lower  than  that  of  SiCw  poor  portion  at  high  temperature  as  shown  in  Fig. 2, 
and  SiCw  rich  portion  deforms  preferentially  to  lead  the  nonuniform  deformation  and 
cracking.  Therefore  SiCw/Al  should  be  uniform  in  dispersion  of  SiCw  without  cluster  of 
SiCw  and/or  inperfect  infiltration  of  matrix  metal,  to  be  deformed  superplastically. 
SiCw/7075Al,  which  were  manufactured  by  using  refined  SiCw,  never  showed  these  kinds  of 
nonuniform  deformation  and  cracking,  so  that  it  is  clear  that  refining  of  SiCw  before 
fabrication  of  SiCw  preform  is  effective  not  only  for  improving  mechanical  properties  at 
room  temperatures,  but  also  for  improving  formability  under  superplastic  conditions. 

Mechanical  Properties  of  Deformed  SiCw/Al 

Fig. 7  shows  tensile  strength  of  extruded  SiCw/7075Al  and  of  upset  forged  SiCw/7075Al 
as  a  function  of  forging  temperature.  Tensile  strength  of  deformed  SiCw/Al  strongly 
depends  on  deformation  temperature.  Especially,  marked  degradation  of  strength  is 
observed  in  the  specimen  deformed  above  the  solidus  line  of  the  matrix.  This  kind  of 
degradation  is  also  observed  in  just  heated  (not  deformed)  materials  as  shown  in  Fig. 8. 
The  degradation,  however,  was  not  observed  in  the  specimen  heated  with  hydrostatic 
pressure,  so  that  the  degradation  is  thought  to  be  caused  by  crackings  which  occured  at 
the  interfaces  of  partial  liquid  phase  and  solid  phase.  Below  the  solidus  temperature, 
the  higher  the  deformation  temperature  is,  the  higher  the  strength  of  deformed  SiCw/Al  is 
and  as  the  results,  the  maximum  strength  is  obtained  from  the  specimen  deformed 
superplastically  at  the  temperature  just  below  the  solidus  line.  The  results  for 
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Sirvv/(50(ilM  is  shown  in  Fig-a.  Dependance  of  tensile  strength  at  room  temperature  upon 
deJormation  temperature  is  the  same  as  that  for  SiCw/7075Al.  However,  tensile  strengt 
is  improved  by  forging,  since  SiCw/6061Al  billet  includes  a  lot  of  internal  defects 
as  cluster  of  SiCw  and/or  inperfect  infiltration  of  matrix  metal.  Effect  of  the  strain 
rate  on  strength  of  deformed  SiCw/Al  is  not  found  in  this  study  clearly. 

Isothermal  Forging  of  Missile  Wing  Model  u,ao 

the  fundamental  studies,  fabrication  trial  of  the  .issile  .,ng  «lol  .as 

conducted  High  strength  27”/.SIC«/7075Al  «s  selected  as  the  Bterlal  and  an  eitruded 

bar  .as  used  in  order  to  get  the  augment  of  SiC  free  the  botto.  to  the  top  of  the  fin. 

The  opti.u.  detorBtlon  condition  is  as  follows,  free  the  .le.  points  of  plastic 

deforniation  characteristics  and  of  lechanlcal  prowrtles  after  defor.ation. 

Temperature;  T  =  450°C~  480°C 

Strain  rate',  e  ^5.0  XIO  ^sec  t-  + 

isothermal  forging  of  missile  wing  model  was  carried  out  in  two  steps.  ^t  ^irs 

extruded  bar  was  flattened,  and  then  the  plate  was  forged  in  matched  die  to  get  net  shape 
in  thickness.  Fig, 10  shows  the  forged  missile  wing  model  after  finish  machining,  in 
which  no  defect  was  detected  by  X-ray.  ultrasonic  and  penetrant  inspections.  Tensile 
strength  of  missile  wing  model  was  930~1030MPa  in  direction  from  the  bottom  to  the  top 
of  the  fin,  and  730  ~830MPa  in  the  intersecting  direction.  Comparing  to  conventiona 

Wing  made  of  PH  stainless  steel,  more  than  50X  of  weight  reduction  can  be  achieved  by 
replacing  with  SiCw/Al . 


CONCLUSION 

(1)  SiCw/Al  shows  superplastic  flow  at  the  following  condition. 

Temperature  ;  T  S(sol  idus-30) 

Strain  rate  ;  £^5.0X10  sec 

At  this  condition,  the  higher  the  volume  fraction  of  SiCw  is.  the  lower  the 
stress  is,  which  suggest  that  slidings  between  the  SiCw  and  the  matrix  may  occurs  as 

well  as  grain  boundary  sliding. 

m  Refining  of  SIC.  before  fabricating  SIC.  prefer,  is  effective  not  only  for  iiprouing 

"  .ecbanical  properties  at  roo.te.perature,  but  also  for  Lprovlng  fomabl I  ity  under 

superplastic  conditions.  ,  ,  , 

(3)  Tensile  strength  after  plastic  defor»tlon  Is  strongly  affected  by  defor.at,on 
teeperature,  and  the  Bti«.  strength  is  obtained  .hen  SiC/al  is  deferred 
superplastically  at  the  temperature  just  below  the  solidus  line. 

(4)  msslle  .ing  redel  is  fabricated  succestully  by  Isotherrel  forging  and  significant 
weight  advantage  over  the  conventioal  wing  is  confirmed. 
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Fig. 4  True  stress  as  a  function  of 
strain  rate  for  SiCw/6061A! 
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Fig. 5  True  stress  as  a  function  of 
strain  rate  for  SiCw/7075Al 
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APPROACH  TO  CONTROL  OF  FIBRE  ORIENTATION  ON  FRTP 
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ABSTRACT 

The  fibre  orientation  in  an  injection  moulded  Fibre  Reinforced 
Thermo-Plastics  (FRTP)  product  depends  on  the  flow  pattern  during 
moulding.  It  is  difficult,  but  desirable  to  predict  the  orientation 
and  control  it  by  any  means  available.  The  method  described  in  this 
paper  imposes  a  restriction  to  flow  at  the  flow  front  throughout 
the  operation.  The  restriction  is  found  to  create  not  just  a  stable 
flow  front  but  stable  flow  throughout  the  body. 

INTRODUCTION 

The  injection  moulding  of  fibre  reinforced  plastics  is  replac¬ 
ing  other  materials  and  methods  in  the  manufacture  of  components 
because  of  the  productivity  of  the  process  and  the  quality  of  the 
products,  particularly  strength  and  specific  stiffness.  However, 
the  process  still  has  many  problems  such  as  brittle  weakness  along 
the  weld  lines  and  warpage  during  thermal  diffusion,  influenced  by 
the  fibre  orientation. 

Fibre  orientation,  which  depends  on  the  flow  pattern  during 
the  mould  filling  process,  cannot  be  easily  controlled  during  the 
injection  moulding  process.  This  is  especially  so  for  complex  die 
configurations,  although  changing  the  position  of  the  gate  may  give 
some  control. In  order  to  prevent  warpage  i.e.  out-of-plane  dis¬ 
placements,  and  improve  rigidity  at  the  required  positions,  it  is 
necessary  to  predict  and  control  the  fibre  orientation. 

In  this  paper  the  flow  pattern  and  hence  the  fibre  orientation 
are  controlled  by  restriction  the  flow  front  throughout  the  mould¬ 
ing  process.  Two  investigations  are  described,  one  using  a  simple 
cylindrical  mould  fed  from  one  end  by  a  disc-shaped  gate  with  a 
centered  sprue  and  the  other  using  a  flat  mould  with  a  glass  window 
for  viewing  and  photographing  the  flow  under  free  and  restricted 
flow  conditions. 

FIBRE  ORIENTATION  OF  CYLINDRICAL  PRODUCTS 

Experiments  were  carried  out  on  the  moulding  of  cup-shaped 
components  using  the  transfer  moulding  process  shown  in  Fig.l.  This 
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along  a  stream  line  for  R>1  and  become  perpendicular  to  the  line 
for  R<1,  for  example  during  radial  flow  in  the  disc  gate. 

The  distributions  of  fibre  orientation  in  the  cylindrical 
part  of  the  mould  are  shown  in  Fig. 4(a)  and  Fig. 4(b)  as  having 
different  patterns  for  the  same  thickness  of  gate  disc  and 
cylindrical  wall  and  the  same  free  flow  front  condition.  Varia¬ 
tions  around  the  circumference  are  shown  along  the  rows  and 
progressive  changes  in  orientation  are  indicated  down  the  columns. 


(a)  (b) 


Fig. 4  Diagrm  of  the  orientation  Fig, 5  Diagram  of  the  ori- 

in  the  case  of  free  flow  front.  entation  in  the  case 

(t=2.5mm,cs=50mm/min)  of  controlling  flow 

front.  (t=2,5mm, 
cs=50mm/rain , C . F , ) 


The  first  and  second  rows  might  indicate 
an  unstable  flow  condition  which  could  be 
due  to  variations  in  viscosity. 

The  tangential  orientation  of  fibres 
at  the  periphery  of  the  disc  gate  might 
be  transferred  to  the  end  of  the 
cylinder,  since  R  for  the  transition  is 
unity  for  the  case  shown  in  Fig. 4(a).  If 
the  configuration  of  the  transition  is 
considered  to  be  from  radial  spread  to 
cylindrical  flow  the  fibre  orientation 
after  the  transition  might  be  arranged 
along  the  stream  line,  since  the  flow  out 
of  the  junction  can  be  considered  as  a 
convergent  phase.  One  of  the  results  sup¬ 
porting  this  flow  model  is  shown  in 
Fig. 4(b). 

Cup  shaped  components  are  generally 
required  to  resist  hoop  stress,  calling 
for  a  circumferential  fibre  orientation. 
The  method  of  controlling  the  flow  front 
by  means  of  the  slide  ring  has  been 
developed  to  achieve  this  objective.  The 


Fig. 6  Diagram  of 

the  orientation. 

( t-9 -  0mm , cs  =  50mm/ 
min , C . F , ) 


less  than  unity,  the 
aligned  circumf erentia 
Fig,8(b).  After  carefi 
fibres  in  the  diagram 
of  the  flow  front  and 


direction  is  due  to  the  effect  of  the  higher  temperature  region. 
In  spite  of  these  complex  effects,  the  fibre  orientation  could  be 
controlled  fairly  well  by  using  the  slide  ring  to  control  the  flow 
front,  as  shown  in  Fig. 8(a). 

VISUALISATION  OF  FIBRE  ORIENTATION 

Motions  of  the  fibres  during  moulding  cannot  be  observed 
using  the  equipment  shown  in  Fig.l.  Fibre  movement  and  flow  of 
resin  were  revealed  in  experiments  using  the  visualisation  mould 
with  a  glass  window  shown  in  Fig. 9.  The  mould  has  a  film  gate  and 
a  control  plate.  Counter  pressure  was  applied  by  means  of  a  dead 
weight  and  pulley  system.  A  sequence  of  photographs  was  taken 

through  the  window,  giving  the  diagrams  shown  in  Fig. 10.  In  the 
case  of  the  free  flow  front  each  tracer  fibre  rotated  as  flow 

proceeded  and  the  shape  of  the  flow  front  changed  gradually,  as 
shown  in  Fig. 10(a).  For  the  controlled  flow  front  the  tracer 
fibres  undergo  almost  no  rotation  (Fig. 10(b)). 

DISCUSSION 

In  the  disc  gate  a  velocity  gradient  occurs  along  a  fil>re  so 
that  it  tends  to  rotate  and  become  perpendicular  to  the  flow 

direction.  , 

When  the  gate  thickness  is  greater  than  the  cylinder 

thickness,  flow  into  the  wall  is  convergent  and  it  is  observed 
that  fibres  rotate  to  become  parallel  to  the  flow  direction.  It 

seems  that  the  disordered  fibre  orientation  occurring  with  a  free 
flow  front  is  caused  by  disturbances  to  flow  due  to  surface  con¬ 
tamination,  and  surface  defects  in  the  mould.  In  the  case  of  the 
free  flow  front  it  is  found  that  orientation  is  also  affected  by 
temperature  gradients  over  the  surface  of  the  cavity. 

It  is  found  that  fibre  orientation  is  stabilised  by  control¬ 
ling  the  flow  front  by  means  of  the  slide  ring  or  control  plate, 
in  spite  of  the  disturbances  due  to  surface  defects,  contamination 

and  temperature  gradients.  .  u 

It  might  be  possible  to  adapt  the  design  of  the  mould  and 
product  to  utilise  this  method  of  controlling  the  flow  front  for 
some  commercial  products. 

CONCLUSION 

The  following  results  are  obtained,  ^  j 

(1)  By  controlling  the  flow  front,  it  is  found  that  the  steady 
cavity  filling  process  can  achieve  the  desired  fibre  orientations. 

(2)  The  fibre  orientation  in  the  cylindrical  wall  is  controlle  y 
the  thickness  of  the  disc  gate. 
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ABSTRACT 

The  structural  analysis  system  of  laminated  cylinders  by  closed  form 
solution  has  been  developed.  The  capabilities  of  this  system  arc  as  follows. 

•  For  given  laminated  cylinder  geometry  and  loads,  the  ply  stresses  and  strains 
arc  calculated  by  the  point  stress  analysis  method. 

Any  combination  of  axial  tension/compression  load,  internal/cxtcrnal  pressure, 
torsional  load,  bending  moment,  and  nonmechanical  load  can  be  applied. 

•The  ply  stresses  and  strains  (all  compornents  ;  r. 0, z, r0. 0z, zr)  of 
thick  cylinder  can  be  calculated. 

•  Both  first  ply  failure  and  progressive  failure  analysis  arc  available. 

Either  Tsai-Wu  or  Maximum  stress  failure  criterion  can  be  selected. 

•  Critical  buckling  loads  are  determined  under  the  combined  loading  condition. 
The  contribution  of  each  load  is  considered  by  interaction  equation. 

•  The  natural  frequencies  of  free  vibration  are  calculated  for  a  given  cylinder 
geometry  and  given  boundary  conditions  (free, simply  supported, and  fixed  ends). 

We  can  quickly  design  and  analyse  almost  all  cases  of  laminated  cylinders  by 
using  our  own  software  system. 

INTRODUCTION 

Recently  composite  structures  are  widely  used  both  in  commercial  and 
aerospace  applications.  The  cylindrical  structure  which  is  one  of  the  basic 
structural  elements  is  widely  used,  because  it  is  easy  to  be  manufactured. 

For  example  filament  winding  or  rolling  table  methods  are  usually  used. 

In  designing  composite  structures,  it  is  very  important  to  make  the  best  of 
orthotropy.  In  analysing  thin  walled  laminated  cylinders  under  various  loads, 
not  only  first  ply  failure  analysis  but  also  progressive  failure  analysis  is 
necessary.  That  would  be  of  great  help  to  consider  the  failure  mechanism, 
whether  material  failure(matrix  crack. fiber  break. etc. )  or  buckling  failure. 

Composites  in  Japan  are  mainly  used  in  sport  and  leisure  application, 
especially  fishing  rods  and  golf  shafts,  which  are  subjected  to  bending  moments. 
When  the  thin  walled  cylinder  is  under  bending,  it  is  necessary  to  consider  the 
ovalization  of  cross  scction(cal led  Brazier  effect)[l]. 
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In  many  cases  of  cylinder  applications,  thick  cylinders  with  radius-to- 
thickness  ratio  of  5  or  even  lower  arc  being  used.  We  often  need  through-the- 
thickness  normal  and  shear  components  of  stress  and  strain  which  we  cannot 
analyse  by  the  shell  theory.  Then  we  need  to  calculate  all  components 
(6  components)  of  stress  and  strain  without  the  limit  of  radius-to- thickness 
ratio  by  solving  the  basic  differential  equations  of  cylinder  with  equilibrium 
condition  of  the  stress  and  continuity  condition  of  the  displacement  at  each 
interface  and  boundary  conditions. 

These  arc  why  we  have  developed  our  own  softwares  to  design  and  analyse  the 
laminated  cylinder,  although  the  program  by  Whitney,  ct  al.  is  already  wcll- 
known[2]. 

ANALYSIS  METHOD 


The  design  and  analysis  system  for  laminated  cylinder  consists  of  two  modules. 
One  is  for  thick  walled  cylinders  and  the  other  is  for  thin  walled  cylinders. 
Cylinder  geometry  and  coordinate  system  arc  showm  in  Fig. 2.  The  basic 
assumptions  of  the  softwares  arc  as  follows. 

Basic  Assumptions 

1.  Cylinder  constructed  of  homogeneous  orthotropic  sheets  bonded  together 

2.  Each  ply  obeys  Hook*  s  law 

3.  Small  displacements  :  |u|,|v|,lw|  <  t 

Small  strains  I  £,  I,  I  I,  I  £,  |.|  7e^\.\  r.rl.l  7ro\  <  I 

Only  for  thin  walled  cylinder 

4.  Cylinder  has  constant  midplanc  radius. R  and  thickness, t 

5.  Cylinder  is  thin  :  R,  L  >  t 

6.  Through-the-thickness  shear  strains  Tir.  7tb  are  negligible 

7.  Through-the-thickness  normal  strain  £  r  is  constant  along  r-axis[3] 

The  capabilities  of  these  modules  arc  shown  in  TABLE  1.  and  Fig.  1 
EXAMPLES 

The  examlcs  of  analysis  using  our  system  arc  shown  below. 

Example.  1  :  Residual  stresses  that  come  from  temperature  change  and  thermal 
expansion  coefficient  mismatch  arc  calculated  both  with  finite  element  method 
(3-dimcntional  solid  element)  and  with  this  system. 

Fig. 3  shows  a  good  agreement  with  both  solutions. 

Example.  2  :  The  result  of  progressive  failure  analysis  of  the  angle-ply 
laminated  cylinder  under  torsional  load  is  shown  in  Fig. 4  compared  with  the 
result  of  the  test.  In  the  analysis  the  tempareturc  change  after  curing  is 
considered  and  Tsai-Wu  failure  criterion  is  used. 

The  torque-shear  strain  curve  calculated  by  thick  walled  module  is  much 
the  same  as  the  one  by  thin  walled  module. 

Fig.  4  implies  that  the  cylinder  will  fail  when  fiber  compressive  failure  is 
occured  in  a  layer. 

Example.  3  :  The  stress  distributions  of  thick/thin  cylinders  which  arc 
subjected  to  internal  pressure  arc  compared  in  Fig. 5. 

The  stress  gradient  along  the  thickness  is  larger  as  the  thickness  incrcscs. 
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TABLE  1  Module  Capabilities 


Thin-Walled  Cylinder 

Thick-Walled  Cylinder 

Radius/Thickness 

>  5 

All 

Stress  and  Strain 
components 

6,  z,  (€r=  const) 

r,  6,  z,  6z,  zr,  rB 

Output  points 

Outer  and  inner  surface  of  each  ply 

strength 

First  IMy  Failure  Analysis 
Frojrressive  Failure  Analysis 

With  buckling? 

_ ^ _ _ 

Failure  Criteria 

Tsai-Wu  Criterion,  iMaximum  Stress  Criterion 

Load 

All  loads  can  be  combined 

•  Nonniechanical  Load 

(Temperature  Change.  Moisture  Concentration) 

•  Mechanical  Load 

(Axial  Tension /Compression,  Torsion,  Internal /External  Pressure) 

(Bending,  Transverse  Crash) 

For  these  two  loads. 

Consider  ovalization  of 

cross  section  (Brazier  effect) 
Output  stresses  and  strains 
at  Tension  /  Compression 
side  of  each  ply 

Buckling 

Appliable  Load 

•  Axial  Compression 

•  Pressure 

•  Torsion 

•  Bending 

can  not  calculate 

Interaction  Equation 

Kc+Kp+Rt*+UuS1  (buckled) 

<  1  (unbuckled) 

(applied  stress) 

(critical  buckling  stress) 

Natural  Frequency 

•  Arbitrary  set  of  boundary 
conditions  is  applicable 
(free,  simply  supported,  fixed) 

can  not  calculate 

•  Initial  forces  are  applicable 
(axial  force,  pressure,  torsion) 
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CYLINDER  ANALYSIS 


•  Engineering  Constants 

Modulus,  Flexural  Rigidity,  Torsional  Rigidity 

Thermal  Expansion  Coefficient,  Moisture  Absorption  Coefficient 

•  Natural  Frequency*  (under  arbitrary  set  of  boundary  conditions) 

•  Fly  by. ply  Stress /Strain /Strength  (Failure  mode) 

•  Progressive  Failure  Analysis  (Tsai-Wu/ Max.  Stress  Criterion) 

with  Buckling* 

•  Buckling  Strength*  (by  Hayashi  /  NASA) 

*  I  Thin  walled  Cylinder 

Fig.  1  Capabilities  of  Cylinder  Analysis  System 
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Torque  T  (Ntti) 


CONCLUSION 


The  structural  analysis  systen  of  laninatcd  cylinders  by  closed  forn 
solution  has  been  developed.  Anybody  can  quickly  design  and  analyse  alnost  all 
eases  of  laninatcd  cylinders  by  choosing  itcis  in  the  nenus. 
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ABSTRAa 

Fiber  reinforced  composite  materials  on  thermoplastic  resins  have  been  aggressively 
developing,  which  have  excellent  fracture  toughness  and  processability,  compared  to 
therraoset  resin  based  composite  materials  are  expected  to  be  used  as  the  primary 
structural  materials  of  aerospace,  especially  for  their  heat  resistance,  in  addition  to 
the  advantages  mentioned  above.  As  a  result  of  our  continuous  efforts,  the  new 
thermoplastic  polyimide  resin  based  composite  material  has  been  developed,  which  has 
twice  Hot-Wet  compression  strength  of  Epoxy  resin  based  composite  material  and 
Compression  After  Impact  (CAI)  of  36  kgf/mmt  And  new  structure-fabrication  techniques 
using  their  thermoplastic  property  can  be  confirmed  effective  to  provide  a  sufficient 
structual  property.  In  this  paper,  the  mechanical  properties,  processability,  and 
fabrication  techniques  wi 1 1  be  reported. 

1.  INTRODUCTION 

Recently,  advanced  composite  based  on  epoxy  is  widerspread  used  throughout  the 
aerospace.  However  conventional  epoxy  system  composite  are  limited  to  continous  use  in 
high  temperature  environment  more  than  about  120~130  V-  So  it  is  necessary  to  develop 
high  temperature  resistance  materials  and  to  improve  existing  materials  in  order  to 
apply  these  advanced  composite  to  a  future  supersonic  aircraft  structure, 

Meanwhile,  the  matrix  resin  characteristics  affects  basic  composite  performance,  also 
has  a  tendency  that  high  temperature  resistance  property  and  toughness  property  are  not 
compatible  each  other.  Therefore,  a  considerable  amount  of  efforts  has  been  directed 
toward  the  development  of  high  performance  composite  by  the  combination  of  new 
innovative  resins  and  high  performance  carbon  fiber.  Especially,  the  toughness  property 
increment  is  one  of  the  important  subjects  to  balance  with  high  temperature  resistance 
property.  In  these  conditions,  improved  resin  matrix  composites  and  high  temperature 
thermoplastics  have  been  emerging  as  shown  in  Figure  1,  Most  importantly,  high 
temperature  thermoplastic  resin  matrix  composite  offers  the  sufficient  potential  for 
high  damage  tolerant  property  as  well  as  low  cost  fabrication  compared  to  conventional 
resin  matrix  composite.  The  objective  of  this  study  is  to  challenge  the  development  of 
new  thermoplastic  polyimide  composite  and  low  cost  design  and  manufacturing  techniques 
for  a  future  supersonic  transport  aircraft  structures.  This  paper  will  review  the 
present  state  of  developed  technology  with  reference  to  mechanical  property  and 
processing  of  new  thermoplastic  polyimide  composite. 


-199- 


2.  TARGET  OF  MATERIAL  DEVELOPMENT 

ilish  temperature  resistance  reuu i renient  of  aircraft 
rinrided  bv  aircraft  cruising  performance  and  service  environment.  In  this  study,  a 
hvDoihesis  was  made  for  a  primary  structure  applications  in  Mach  2.5  transport  aircrafts 
Kevelop  which  is  near  the  i imi tation  of  resin  matrix 

composites.  So,  the  target  of  material  development  was  established  as  shown  in  Table  1, 
to  Lrcome  the  problems  associated  with  "'fhanical  property  and  process  of  present 
resin  matrix  composites.  High  temperature  resistance  which  is  hard  to  der me 
mechanically,  was  the  degree  of  about  177  ‘C  cruising  in  service.  And  glass  transition 
temperature^ (Tg)  required  more  than  220  Tl  because  practical  experiences  suggest  the 
long-ttme  servtee  is  about  50  ’C  below  the  Tg  of  matrix  resins.  Mechanical  property, 
oarticularly  compressive  characteristics  is  the  most  critical  in  structural  desig  , 
required  equivalent  to  or  more  than  state-of-the-art  toughned  epoxy  system 
ambient  and  177  V,  wet  conditions.  Processing  temperature  required  below  400C  which 

is  much  higher  than  curing  temperature  of  epoxy  “^7\J2'Ts'\^or^APC^2^^'^ln  addlt 
limitation  of  customers  processing  capability  about  same  as  7^  2*  m  audit 
fusion  bonding  quality  required  equivalent  to  the  conventional  film  adhesive  bonding 

quality. 

3.  RESULT  AND  DISCUSSION 

3.1  Matrix  resin  and  prepreg  development 

In  general  high  temperature  thermoplastic  resin  more  than  Tg=200  *ends  to 
rpDuire  high  temperature  processing  conditions,  their  number  is  not  so  large  until 
recently.  However  new  thermoplastic  polyimide  resin  (PIX)  could  te  developed  ^ 

with  foreraentioned  target  of  material  development  using  modification  techniques 
C-TPl  [1]  as  shown  in  Figure  2,  being  worked  under  licensing  agreement  between  Mitsui 

Toatsu  Chemicals  and  NASA-Ungley  Research  Center.  ^  .h<.r«,i  c+ahilitv  beside 

PIX  resin  exhibits  crystalline,  solvent  resistance  and  high  thermal  stability,  uesiae 
Its  ieTt  vSsity  is  wproprutely  l»v  to  imregoate  into  the  carbon  fitet  rovinss.  Pi* 
resin  properties  were  shown  in  comparison  with  PEEK,  conventional  epoxy  in  Table  2. 
SSeToEiieSt  of  pTx  prepreg  was  conducted  to  produce  continously  using  resin  me  t 

impregnation  method  into  intermediate  modulus  ®^it  wiS 

Ficure  3  Prepreg  width  is  200mm,  volume  fraction  is  60%.  Subsequently,  it  was 
confirmed'  that  adequate  plied  panels  could  be  produced  without  noticeable  composit. 

inner  defects. 

3.2  Basic  lechanical  property 

The  mechanical  evaluation  result  of  developed  PIX  composite  is  shown  J; 

Figures.  These  results  suggested  PIX  composite  is  superior  to  other  '"aterials  n  hot 
wet  resistance  and  toughness  property.  Particularly,  0  compression  strength  is  hot 
wet  condftion  such  as  121  “C,  wet  and  177  °C,  wet  was  extremely  improved  compared  to  the 
c+rpno+h  nf  ivolcal  conventional  composite  as  T300/epoxy.  ... 

CompreSion  strength  after  1500LB  IN/IN  impact  was  more  than  twice  of  conventional  epoxy 

SrcZiliranb  bxceleb  the  strength  of  f  EK 

practical  structual  applications.  And  forementioned  target  such  as 
compression  strength  in  177  “C,  wet  condition  could  be  it  was 

basic  property  data  except  for  0"  compression  and  compression  after  impact,  it  wa. 

recognized  there  exists  a  dispersed  properties  seemed  to  be 

quality  deviation.  So  the  quality  review  will  still  be  necessary  to  investigate  what 
parameter  affects  composite  property. 
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3.3  Processability 

In  practical  application  of  thermoplastic  resin  matrix  coinposite>  there  is  a 
possibility  that  both  prepreg  and  composite  panel  will  be  a  material  respectively 
dependent  on  the  fabrication  structure  in  producing  various  aircraft  structures. 
Processability  evaluation  was  carried  out  for  PIX  prepregs  and  consolidated  composite 
sheets.  As  a  result,  appropriate  prepreg  consolidate  condition  and  composite  panel 
forming  condition  was  shown  in  figure  ti  and  figure  7.  _  , 

Prepreg  consolidate  condition  was  required  'IOOT:,  20~30  kgf /cm' beyond  the  conventional 
thermoset  composite  curing  condition  but  also  one  fourth  of  conventional  epoxy  matrix 
composite  curing  time.  On  the  other  hand,  although  composite  panel  forming  seemed  to  be 
a  peculiar  method  different  from  the  processing  of  thermoset  resin  matrix  composite, 
these  condition  was  required  400T:,  35  kgf/cm^  This  reason  would  be  supposed  PIX  melt- 
flow  helps  a  smoothe  interlayer  slip  followed  by  fusion  bond  in  higher  temperature  to 
produce  good  quality  composite  structure  during  forming  process.  Therefore,  it  was 
confirmed  PIX  resin  composite  has  obvious  advantage  of  being  easy  to  increase 
producibi I ity  of  structure  fabrication,  but  severe  condition  should  be  inevitably 
applied  for  a  short  time  to  produce  the  structure. 

3.4  Bonding  property 

Bonding  method  has  been  considered  to  be  important  in  application  of  composite  to  a 
aircraft  structure.  This  study  reviewed  the  applicability  of  several  unique  bonding 

methodology  beside  conventional  adhesive  bonding  [2]  and  evaluated  the  possibility 

whether  PIX  resin  matrix  composite  could  be  applied  because  PIX  resin  is  a  true 
thermoplastic.  In  adhesion  bonding,  good  bond  quality  could  be  obtained  with  a  special 
chemical  etching  treatment  reqard less  PIX  resin  repels  thermoset  adhesive  resin 
characteristically.  On  the  other  side,  several  fusion  bonding  was  conducted  to  assess 
which  methodology  will  become  a  candidate  for  future  bonding  technology.  Figure  8 
showed  the  several  results  of  bonding  shear  strength  tests.  Besides,  it  was  understood 
these  methods  except  for  ultrasonic  are  approximately  equivalent  to  the  adhesive 
bonding,  and  their  time  required  to  conduct  was  outstanding  shorter  than  a  conventional 

method.  However,  in  detail  outside  heat  fusion  bonding  such  as  hot  iron  consumed  longer 

time  than  other  fusion  bonding.  So,  totally  induction  fusion  bonding  was  considered  to 
be  a  future  candidate  by  means  of  selecting  suitable  inductive  materials. 

3.5  Fabrication  of  structure 

In  this  study,  stringer,  flame  and  skin  structure  as  a  fuselage  element  were 
practically  produced  and  fabricated  by  induction  and  outside  heat  fusion  bonding  on  the 
assumption  of  fabricating  the  Fastenerless  fuselage  structure  as  shown  in  Figure  9. 
Stringer  size  is  510  mm(i)  X90  mm(w)X25  mm(h)  as  shown  in  Figure  10.  Flame  size  is 
450  mmm(i)  X51  mm(w)X80  mm(h)  as  shown  in  Figure  11.  Small  tube  model  as  a  fuselap 
skin  is  160  mm  (0)  X300  mm  (i)  .  These  fabrications  were  basically  according  to  the 
forementioned  condition  of  prepreg  consolidation,  press  forming  and  fusion  bonding 
method.  Especially  bonded  stringer  and  bonded  flame  figure  are  complicate,  there  had 
been  a  anxiety  that  PIX  resin  deterioration,  interlaminar  void  and  wave  of  fiber  rovings 
areoccurred  in  high  temperature  and  longer  processing  conditions.  However,  it  was 
confirined  both  bonded  stringer  and  bonded  flame  quality  are  almost  good,  beside  small 
tube  model  manufactured  by  tape  winding  is  also  considered  good  as  a  first  trial. 

Finally  subcomponent  fuselage  structure  was  produced  as  shown  in  Figure  12.  Si2e  is  580 
mm  (i)  X450  mm(w)  X80  mm(h).  This  structure  could  be  fabricated  by  fusion  bonding 
method  with  some  considerations  of  facility  and  fusion  bonding  film.  ^ 

Fusion  bonding  method  including  fusion  bonding  film  property  was  considered  to  be 
important,  because  complicate  preformed  structure  will  be  distorted  more  easi ly  affected 
by  the  temperature  of  fusion  bonding  when  composite  matrix  resin  is  same  as  fusion 
bonding  film.  Therefore,  polyimide  relative  new  fusion  bonding  film,  which  melt  flow 
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begins  at  lower  temperature  than  PIX  resin  melting  temperature  was  developed  and  applied 
to  this  subcomponent  structure.  And  it  was  confirmed  bonding  quality  was  almost  good  as 
same  as  the  element  bonded  structures. 

4.  CONCLUSION 

In  summary,  developed  PIX  is  one  of  the  promising  materials  as  would  be  expected 
that  could  offer  significant  mechanical  and  processing  property  advantages,  particularly 
in  high  temperature  resistance,  damage  tolerance  and  being  able  to  apply  fusion  bonding. 
However,  on  the  contrary  of  high  performance  a  mount  of  study  still  remain  to  be  done  to 
develop  a  low  lost  manufacturing  of  actual  aircraft  structures.  Therefore,  next 
subject  will  be  not  only  the  improvement  of  PIX  composite  toward  the  easy  aiKl  low  cost 
manufacturing  characteristic  material,  but  also  the  establishment  of  further  detail 
technique  in  order  to  be  able  to  apply  to  a  future  supersonic  transport  aircraft. 
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Figure  h  Relationship  of  CAl  and  Resin  Tg 
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Table  !♦  Target  of  Material  Development 


TEST  ITEMS 

TARGET 

Heat  resistance 

TgS220Xi 

0*  Conpression  strength 

RT:^140kgf/nii|2 

IITW:  ^100kgf/mm> 

c.n.i. 

RT:S32kgf/mm* 

1500  lb- in/in 

IITW;;g22kgf/mm2 

Process i ng  tempera  ture 

Less  than  40010 

Fusion  bonding 

Equivalent  to  adhesion  bonding 

RT;  ambient  temperature  ,  humidity, 
IITW;  177‘C.  ,  met. 


HCF-2/plX  (p 
I  I  T300/EP0XV 

CD;  FHl  test  data 

(2);  Catalog  data  of  NARMCO 


^0 

Figure  2.  Structure  of  LARC-TPI 

Table  2.  Properties  of  PIX,  PEEK  EPOXY  Resin 


Figure  3.  Production  Flow  of  Prepreg 


rt:ory  121*  c:wET  m*  c:uet 

Figure  4.  0’  Compression  Strength 


tS  40! 
\ 

«  35 

30 


Catalog  data  of  HARMCO 
Catalog  data  of  ICI 
(S?:  Catalog  data  of  Dupont 
FHl  test  data 


T300/EP0XY  AS-4/PEEK  m-6/  Kffl  CF*2/  PIX 

X)  ^  ^5  S' 

Figure  5.  Compression  Strength  Aftei-  Impact 
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Figure  9.  Fastenerless  Fuselage  Structure 
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ABSTRACT 

This  paper  discusses  on  the  procedures  of  safety  evaluation  of  filament 
wound  products  in  the  cases  of  pressure  vessels  and  pipes.  In  these  products, 
the  prevailing  loads  are  the  internal  pressure.  Static  and  cyclic  pressure 
t6sts  are  generally  used  as  basic  means  to  evaluate  the  performance  and  safety 
in  service 

In  pressure  vessels,  metallic  liners  are  generally  used  to  assure 
the  gas-tightness.  In  order  to  increase  the  fatigue  strength  of  metallic 
liners  under  cyclic  internal  pressures,  an  over-pressuring  treatment, 
autofrettage,  is  applied  for  the  C9ntr9l  of  residual  stresses.  Fracture  modes 
can  be  also  controlled  by  the  distributi9n  of  reinforcing  fibers,  +  e 

In  the  case  of  pipes  of  high  or  medium  pressures,  cyclic  pressure  tests 
or  long  term  pressure  tests  in  high  temperature  water  provides  critical 
criteria  for  the  safety  assurance  in  service.  ^ 

Authors  discuss  on  the  relationship  between  features  of  damages  and 
design  criteria  of  the  products.  Discussion^ is  alsCdirected  to  the  selection 
of  numerical  model  for  stress  analyses  in  relation  with  the  features  of 
damages. 


INTRODUCTION 

Filament  winding  technologies  are  extensively  used  t9  “^nufacture  various 
compos itrproducts[lf2].  Each  product  has  its  own. criteria  to  be  taken  into 
account  for  design  and  safety  evaluation.  Some  criteria  are  based  on  basic 
rules  of  fracture  in  composite  materials,  and  others  are  rather  to  evaluate 
the  performance  under  some  specific  service  conditions.  .p:ioman+ 

This  paper  discusses  on  the  procedures  of  safety  ®'^^^“^bion  of  filament 
wound  products  in  the  cases  of  pressure  vessels  and  pipes.  In  ^hese  products, 
the  prevailing  loads  are  the  internal  pressure.  Static  and^cyclic  pressure 
tests  are  generally  used  as  basic  means  to  evaluate  the  performance  and  safety 
ifservicef  Ssign  his  been  performed  on  the  basis  of  stress  analysis  by 
using  appropriate  numerical  models,  such  as  netting  theory,  laminate  theory, 

^SafeL^irHeJirdeSenPmSch  upon  the  laminate  structures.  In  the  first. 
Place  iJistancrof  ffSid-tight  layer  is  the  most  influencing  item. for  design 

and  safety  evaluation.  Pressure  vessels  ?^i®"-j!^as^airtight*layer*^ 
reinforcing  filaments  on  a  metallic  liner,  which  acts 

Pipes  are  often  fabricated  by  winding  of  fibep  on  a  mandrel,  which  is  to  . 
be**removed  after  the  curing  of  resin  to  fix  the  wound  fibers.  Authors  took 
the  case  of  a  pressure  vessel  as  an  example  with  -aye.,  -n-  the  c 

of  a  pipe  as  an  example  without  specialized  layer  for  airtightness.  Table 
briefly  shows  the  comparison  of  these  two  cases. 
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Table  1  Comparison  of  Two  Cases:  Pressure  Vessel  and  Pipe 


1  Pressure  vessel 

1  Pipe 

fluid-tightness 

1  metallic  liner 

comosite  itself 

final  failure 

"burst” 

"weep”  or  "leak” 

No  care  for  micro  fissures 
in  resin  or  at  resin-fiber 
boundaries 

Leak  occurs  through  micro 
fissures  in  resin  or  at 
resin-fiber  boundaries 

criteria  for 
final  failure 

maximum  tensile  stresses 
(or  strains)  of  fibers 

maximum  tensile  or  shear 
stresses  (or  strains)  in 
resin  or  at  the  resin-Hber 
boundaries 

comments  on 
safety  in 
service 

Fatigue  life  of  metallic 
liner  is  to  be  improved. 

-*■  Autofrettage 

(compressive  residual 
stresses  in  liner) 

Properties  of  resin-fiber 
boundaries  is  to  be 
controlled. 

-»  Surface  treatment 
of  fibers 

models  for 
stress  analysis 

Netting  theory  is  better 

Laminate  theory  is  better 

tests  for 

safety 

evaluation 

(D  Raw  material  tests 

(D  Tests  for  vessels 

Burst  tests 

Pressure  cycle  tests 
at  ambient  temp, 
at  high  ft  low  temp. 
Thermal  cycle  tests 
Bonfire  tests 

Gunfire  tests 

(D  Raw  material  tests 

(D  Tests  for  pipes 

Internal  pressure  tests 
in  short  term 
in  long  term 
(in  hot  water) 
cyclic 

Axial  tests 

Bending  tests 

============================= 

CASE  OF  PRESSURE  VESSELS 

Pressure  vessels  were  fabricated  by  winding  of  resin-impregnated  filament 
on  a  metallic  liner.  Liner  material  was  A1  6061  alloy  T6  tempered.  Filament 
was  high  strength  glass  fiber,  T-glass.  Resin  system  was  epoxy  type. 

Figure  1  schematically  shows  the  laminate  structure  of  the  vessel.  The 
vessel  has  three  layers:  metallic  liner  layer,  helical  winding  FRP  layer,  and 
hoop  winding  FRP  layer. 

Figure  2  shots  exterior  view  of  a  burst  vessel.  Location  of  burst  can  be 
controlled  by  an  excess  winding  of  reinforcing  fibers. 

Figure  3  shows  fissures  formed  on  the  surface  of  a  burst  vessel.  A  few 
number  of  fissures  initiate,  already  at  the  stage  of  autofrettage,  along 
fiber  direction.  As  the  pressure  increases  and  approaches  to  the  burst 
level,  tiny  fissures  initiate  in  transversal  direction  of  fibers.  Such  a 
feature  of  damages  justifies  the  approach  of  netting  theory. 

Figure  4  schematically  shows  the  effect  of  autofrettage,  to  introduce 
compressive  residual  stresses  in  metallic  liner. 

Table  2  shows  the  specification  of  vessels. 

Table  3  shows  an  example  of  results  in  a  series  of  safety  assurance  tests. 
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Fig.  4  Effect  of  autofrettage  to  introduce  compressive  residual 
stresses  in  metallic  liner 


Table  2  Specification  of  the  Pressure  Vessel 


Capacity  : 

5.1 

litres 

Service  temperature  : 

-51 

to  91X1 

Weight  : 

4.9 

kg 

Service  life  : 

15 

years 

Outer  diameter: 

156 

mm 

Re- inspection  period: 

3 

years 

Maximum  filling  pressure  : 

300  kgf/cm^ 

(29. 4  MPa) 

Test  pressure  : 

500  kgf/cm=^ 

(49.0  MPa) 

Minimum  burst  pressure  : 

900  kgf/cm^ 

(88.2  MPa) 

Table  3  Prototype  Tests  for  a  Filament  Wound  Pressure  Vessel^ 

[  Cycling  conditions  ]  Burst  Pressure 

Test  Temperature  Pressure  Cycles  (after  cycling) 

“C  kgf/cm^  (MPa)  kgf/cm^  (MPa) 

Virgin  burst  ambient  0~500(49. 0)  1  1,140(111.  8) 


Pressure  cycling 
at  ambient  temp. 


Pressure  cycling 
at  hi.&  lo.  temp. 


Thermal  cycling 


§  ambient  0~ 500(49.  0)  1 

ambient  0~300(29. 4)  10,000 

ambient  0~  500(49. 0)  30 


@  ambient  0~500(49.  0)  1 

©  93  0-300(29.  4)  5,  000 

@  -51  0-300(29.4)  5,000 

@  ambient  0—500(49.  0)  30 


(T)  ambient  0-500(49.0)  1 

©  ambient  0—300(29.4)  10,000 

®  ambient  0—500(49.  0)  30 

®  93 — 51  300  29.4)  20 


990(97.0) 


995(97.5) 


1,050(102.9) 


Bonfire  fire  by  300(29.4)  Vessel  must  be  sound 

kerosine  <<filling»  until  completely  vented 

and  wood  from  safety  valve. 


-209- 


CASE  OF  FRP  PIPES 

FRP  pipes  were  fabricated  by  winding  of  E  glass  inpregnated, epoxy  type 
resin  Long  term  internal  pressure  tests  in  hot  water  are  considered 
indispensable  for  FRP  pipes  destinated  to  high  pressure  use. 

Figure  5  shows  an  exterior  view  of  a  FRP  pipe 

Figure  6  shows  photograph  of  micro-structure  in  a  failure  pipe. 
Fissure!  initiate  in  resin  or  at  resin-fiber  boundaries.  Leak  took  place 
along  these  fissures. 


’■  ■  i' 

a' 

T"  ' 

Figure  5  Exterior  view  of  a  FRP  pipe 


Figure  6  Micro-structure  in  a  failure  pipe 


STRESS  ANALYSIS  MODEL  FOR  DESIGN 

Stress  analyses  of  w‘be  swported 

netting  theory,  based  on  fiber  strength  Loads  are^considereot  ^  yy 

methods. 
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Figures  7  An  example  of  results  in  stress  analyses:  comparison 

among  netting  theory,  laminate  theory  and  conventional  FEM 


DISCUSSION  AND  CONCLUDING  REMARKS 

Fracture  of  composite  materials  includes  multiple  phenomena  of  degrading 
in  each  composing  material.  Some  damage  may  be  vital  to  the  function  of  the 
product,  but  the  other  may  not.  Each  product  has  its  own  criteria  to  be  taken 
into  account  for  design  and  safety  evaluation. 

^minate  structure  is  one  of  the  most  important  factor  to  influence  upon 
the  items  of  safety  evaluation.  In  the  case  of  pressure  vessels  with  metallic 
liner  layer,  fissuring  in  resin  is  of  little  importance,  but  fatigue  of  liner 
materials  is  the  biggest  item  to  consider  in  design  and  safety  evaluation. 

In  order  to  set  a  good  safety  criterion,  it  is  necessary  to  understand 
well  the  features  of  damages  in  the  structure  as  well  as  the  role  and  the 
function  of  the  product. 
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ABSTRACT 

making  trial  entries  by  many  desktop  cLputer  with  an 

output  are  made  and  tested.  Tne  ^  ^  Granhical  data  such  as  specimen 

optical  disk  strage  equlpi^nt  ^  ^  ^so  Stored  and  managed  by  using  ^ 

progr^n.  TU.  atallsUcal  analysis  of  a.e 

stored  data  is  also  conducted. 

INTRODUCTION 

In  1981.  Ministry  of  International  Trade  and  Industry.  Japan  started  the  for  ^e 

Research  and  Development  of  Basic  Technologies  for  Future  Industries  where  basic 
researches  on  new  materials,  biotechnology,  and  new  functional  target  of 

of  those  researches  is  the  research  and  development  of  composite  material^  The  ta^t  of 
this  research  is  to  increase  the  strength  under  high  temperature  0<S^TtrSieth?  S 

goal  strengths  of  composites  being  developed.  It  should  be  noted  toat  the  goal 
let  to  90%  reliability  with  95%  confidence  level,  which  are  equivalent  to  B-value  m  MIL 
specifications. 


Table  1  Topical  goal  strengths  of  composite  materials  being  developed  for  future  industries. 

Room-temp,  strength  High-temp,  strength 


Polymer  composites 
Metal  composites 


2350  MPa 
1470  MPa 


2115  MPa  at  250  “C 
1320  MPa  at  450  °C 


Note;  Strength  is  in  90%  reliability  with  95%  contidence  level. 
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Many  companies,  national  institutes  and  research  laboratories,  and  universities  have 
been  carrying  out  the  development,  investigation  of  the  evaluation  methods,  and  testing  of  the 
materials  in  cooperation.  The  authors  have  been  engaged  in  the  development  of  the  database 
of  the  material  properties  of  the  composites.  This  database  (PRODACOM:  PROperly  Database 
of  Advanced  COMposites)  is  the  first  full-scale  database  of  composite  materials  in  Japan  and 
the  present  number  of  property  data  is  more  than  ten  thousand.  The  database  also  Includes 
data  on  modulus,  fracture  strain,  Poisson's  ratio,  compressive  strength,  energy  release  rate, 
impact  energy,  faUgue  strength,  phisycal  and  chemical  properties.  The  number  of  data  is 
presently  increasing. 

This  paper  presents  the  outline  of  the  development  of  the  database  and  the  statistical 
analysis  of  the  tensile,  flexural  and  shear  strengths  of  polymer  matrix  composites  and  metal 
matrix  composites  using  the  PRODACOM.  The  results  obtained  from  the  frontier  composites 
will  yield  useful  design  guidelines  in  airplane  and  aerospace  applications. 

PROBLEMS  IN  MATERIALS  DATABASE 

The  development  of  the  database  of  the  materials  properties  of  advanced  composites  is 
not  easy  since  the  following  problems  exist: 

(1)  Necessary  properties  are  different  for  different  composites. 

(2)  Values  of  the  properties  are  changed  with  testing  conditions  such  as  specimen 
geometry  and  loading  method. 

(3)  Detailed  data  have  not  been  published  yet  since  they  are  related  to  high  technology. 

(4)  The  procedures  of  searching  data  are  not  uniform,  that  is,  the  way  to  utilize  a  database  is 
not  clearly  defined. 

(5)  Standard  testing  methods  have  not  been  established  for  some  material  properties  of 
advanced  composites. 

(6)  The  database  management  system  should  include  statistical  analysis  of  data  since  the 
design  allowable  of  materials  should  be  defined  from  their  reliability. 

(7)  The  quality  of  the  data  should  be  identified  by  a  certain  means. 

(8)  The  database  should  include  graphical  data  such  as  specimen  geometries,  curing 
profiles,  and  stress-strain  diagrams. 

(9)  The  databese  does  not  come  of  itself.  Producers,  users,  and  researches  of  materials 
have  to  cooperate  to  develop  it. 

FUNDAMENTAL  DESIGN  OF  DATABASE  ^ 

The  database  consists  of  two  sub-databases:  PMC  (polymer  matrix  composites)  and  MMC 
(metal  matrix  composites)  databases.  Each  database  consists  of  17  ffies  as  shown  in  Fig.  1 
where  the  field  names  of  each  file  are  presented.  The  datamodel  adopted  for  a  file  Is  basically 
relational,  but  the  files  have  a  hierarchical  structure  as  shown  in  Fig.  2. 

HARDWARE  AND  SOFTWARE 

The  computer  system  for  the  database  consists  of  mainframe  RIPS  (Research 
Information  Processing  System)  of  Agency  of  Industrial  Science  and  Technology.  MITI 
(Ministry  of  International  Trade  and  Industry.  Japan)  at  Tsukuba  near  Tokyo  and  workstation 
FACOM  9450.  The  workstation  has  been  equipped  with  a  hard  disk  drive,  a  flexible  disk 
drive,  an  optical  disk  drive,  a  laser  printer,  a  dot  matrix  printer,  an  image  scanner,  and  a 
plotter  as  shown  in  Fig.  3.  The  Uteri  data  is  up-loaded  to  the  mainframe  or  down-loaded  to 
the  workstation  while  the  graphical  data  is  stored  only  in  the  optical  disk  which  has  the 
memory  capacity  of  1.2  GB  (giga  bites)  for  a  5"  optical  disk. 

The  software  consists  of  three  categories  of  computer  programs:  one  is  for  literal  data, 
one  is  for  graphical  data,  and  one  is  for  statistical  analysis.  The  literal  data  management 
programs  are  written  in  EPOACE  of  Fujitsu  which  Is  one  of  the  popular  relational  database 
language  while  the  graphical  data  are  handled  by  using  EPO IMAGE  of  Fujitsu  which  reads 
graphical  data  by  the  image  scanner,  stores  them  in  the  optical  disk,  and  search  required 
data.  The  statistical  analysis  consists  of  the  calculation  of  general  statistics,  the  inference  of 
the  the  determination  of  A-  and  3- allowables  of  the  material  strength, 

Their  programs  are  written  in  BASIC, 
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STATISTICAL  ANALYSIS  USING  THE  DATABASE 

Table  2  shows  the  number  of  data  of  the  database  at  the  end  of  1989.  Data  have  been 
accumlated  from  that  time  on.  StatisUcal  analysis  of  tensile,  floral,  ^d  shear  strengths  is 
performed  using  the  database.  The  results  obtained  from  a  lot  of  data  of  advanced  composites 
reveal  many  Important  facts. 

Fieure  4  shows  the  strength  distributions  of  the  longitudinal  tensile  strength  of  graphite 
wov,„  Stale/  cloth  6343/Polymal  X-440  |0/90|xl2plleal  and 

graphltefr400)/polylmlde.  UD.  Vf=67%)  at  room  temperature  on  WelbuU  paper.  A  good  fit  to 
two-Darameter  Weibull  distribution  is  found.  The  mean  values  are  480  and  2400  MPa, 
respectively,  and  the  coefficients  of  variation  (CV)  are  5.6  and  3.5%. 
values  show  that  the  materials  have  excellent  performance  for  primary  strucural  elements. 

Figure  5  shows  the  distribution  of  the  shape  parameters  of  the  Weibull  dlstrlbuUon  for 
unldlrVcUonal  graphite  composites.  It  is  found  that  the  distribution  Ats  well  ^  Normal 
distribution  and  the  mean  value  and  the  CV  of  the  shape  parameter  ^e  19.7  and  29.  /, 
respectively.  These  values  are  very  important  for  reliability  designs  with  advanced  graphite 

composites. 

For  important  materials,  the  cross-checks  of  test  data  between  the  company  where  the 
composites  are  very  difficult. 

Figure  7  shows  the  relation  between  the  mean  value  and  the  CV  of  the  tensile  and 

tensile  strength  of  MMC  are  shown  in  Figs.  8  and  9. 

CONCLUDING  REMARKS 

The  first  largest  database  of  the  material  properties  of  advanced  coinposltes  has  been 

to  English  version  will  be  needed  for  international  data  exchange. 

This  work  was  performed  under  management  of  Research  and  Developrnent  Iristltute  of 
Metals  Sid  SmpositL  for  Future  Industries,  sponsored  by  Agency  of  Industrial  Science  and 

Technology.  MITI. 
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1.  Material  file  (Format  P1) 


A 

Number 

SOS 

B 

Affiliation 

S30 

C 

Name 

S30 

D 

Date 

S12 

E 

Document  No. 

S12 

F 

Composite  system 

S30 

G 

Constitution 

S64 

H 

Stacking  sequence 

S64 

1 

Fiber  content 

VOS 

J 

Void  content 

VOS 

K 

Ply  thickness 

VOS 

L 

No.  of  plies 

VOS 

M 

Plate  thickness 

VOS 

N 

Curing  condition 

S30 

0 

Curing  condition  link 

S01 

P 

Drawing  link 

S01 

Q 

Stoking  sequence  link 

S01 

R 

Material  comment  link 

SOI 

2.  Laminate  construction  file  (Format  P2) 

A 

Number 

SOS 

B 

Construction  detail 

S64 

C 

Materia!  link 

SOS 

3.  Curing  condition  file  (Format  P3) 

A 

Number 

SOS 

6 

Curing  condition  detail  S64 

C 

Material  link 

SOS 

4.  Material  comment  file  (Format  P4) 

A 

Number 

SOS 

B 

Material  comment 

S64 

C 

Materia)  link 

SOI 

5.  Test  condition  file  (Format  P5) 

A 

Number 

SOS 

B 

Test  Item 

S32 

C 

Test  method 

S32 

D 

Test  specimen 

S32 

E 

Test  environment 

S32 

F 

Test  direction 

S32 

Q 

Property  link 

SOS 

H 

Material  link 

SOS 

1 

Test  comment  link 

SOS 

6.  Test  comment  file  (Format  P6) 

A 

Number 

SOS 

B 

Test  condition  detail 

S64 

C 

Material  link 

SOS 

7.  Tensile  property  file  (Format  P7) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

S15 

D 

Test  direction 

SOS 

E 

Tensile  strength 

VOS 

G 

Tensile  fracture  strain 

VOS 

G 

Tensile  modulus 

VOS 

H 

Comment 

S10 

I 

Test  link 

SOS 

Fig.  l-l  Data  items  in  each  flic.  One  alphabetical 
character  denotes  a  data  field  designation  followed  by  a 
field  name  and  format.  Data  format  Is  represented  by 
letter  S  for  string  data  and  by  letter  V  for  numerical 
data,  foDowed  bv  the  number  representing  the  sl2c  of  the 
field,  (continued  on  the  following  page) 


8.  Compressive  property  file  (Format  P8) 


A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

SIS 

D 

Test  direction 

SOS 

E 

Compressive  strength 

VOS 

G 

Compressive  fracture  strain 

VOS 

G 

Compressive  modulus 

VOS 

H 

Comment 

S10 

I 

Test  link 

SOS 

9.  Shear  property  file  (Format  P9) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

SIS 

D 

Test  direction 

SOS 

E 

Shear  strength 

VOS 

G 

Shear  fracture  strain 

VOS 

G 

Shear  modulus 

VOS 

H 

Comment 

S10 

I 

Test  link 

SOS 

10.  Poisson’s  ratio  file  (Format  P10) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

S1S 

D 

Test  direction 

SOS 

E 

Poisson’s  ratio 

VOS 

F 

Comment 

S10 

G 

Test  link 

SOS 

1 1 .  Energy  release  rate  file  (Format  P11 ) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

SIS 

D 

Type 

SOS 

E 

Crack  length 

VOS 

F 

Energy  release  rate 

VOS 

G 

Comment 

S10 

H 

Test  link 

SOS 

12.  Bending  property  file  (Format  PI 2) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

S1S 

D 

Test  direction 

SOS 

E 

Bending  strength 

VOS 

G 

Bending  fracture  strain 

VOS 

G 

Bending  modulus 

VOS 

H 

Comment 

S10 

1 

Test  link 

SOS 

13.  Phisical  &  chemical  property  file  (Format  P13) 

A 

Number 

SOS 

B 

Density 

VOS 

C 

Thermal  expansion  coeff. 

VOS 

D 

Thermal  distorsion  temp. 

VOS 

E 

Td{Air) 

VOS 

F 

Specific  heat 

VOS 

G 

Coeff.  of  thermal  transfer 

VOS 

H 

Tg 

VOS 

1 

Td(N2) 

VOS 

J 

Diffusional  activation  energy 

VOS 

K 

Factor  Dq 

VOS 

L 

Constant  a 

VOS 

M 

Constant  b 

VOS 

N 

Test  link 

SOS 
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14.  tmpact  property  file  (Format  PI 4) 


A 

Number 

S05 

B 

Specimen  number 

S10 

C 

Test  environment 

S15 

D 

Test  direction 

SOS 

E 

Impact  strength 

VOS 

F 

Comment 

S10 

G 

Test  link 

SOS 

15.  Foreign  object  mpact  property  file  (Format  PI  5) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

SIS 

D 

Test  direction 

.  SOS 

E 

Impact  value 

VOS 

F 

Comment 

S10 

G 

Test  link 

SOS 

16.  Fatigue  property  file  (Format  PI 6) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

S15 

D 

Test  direction 

SOS 

E 

Stress  ratio 

V04 

F 

Maximum  stress 

VOS 

G 

No.  of  cycles  (mantissa) 

V04 

H 

No.  of  cycles  (exponent) 

V04 

1 

Fracture  parameter 

V04 

J 

Comment 

S10 

K 

Test  link 

SOS 

17.  Environmental  property  file  (Format  PI 7) 

A 

Number 

SOS 

B 

Specimen  number 

S10 

C 

Test  environment 

S15 

D 

Test  direction 

SOS 

E 

Tg 

V04 

F 

Tensile  modulus 

V06 

G 

Damping 

V06 

H 

TMR 

V04 

1 

VWR 

V04 

J 

Comment 

S10 

K 

Test  link 

SOS 

Fig.  2  Hierarchical  structure  of  the  data  files 


Fig.  1-2  (continued  from  the  previous  page) 


:g.  3  Block  dlagi'aiii  uf  ifie  database  liaiuv.aac  syaLtir.. 
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Tensile  stress  ,  MPa  Shape  parameter 


Fig.  4  Typical  tcnsUe  strength  distributions  of  pig.  5  The  dlstrlbuUon  of  the  shape  parameters  of 

graphite  composites.  P61T15:Torayca-cloth /polyester.  unidirectional  graphite  composites  on  Nonnal  paper. 
P60T5:T400B/polylmlde  ^  ^ 


Meon  strength  ,  hPa 

Fig.  6  The  difference  between  the  original  test  data 

and  the  cross-checked  data  obtained  by  the  government  Fig.  7  The  relation  between  the  mean  strength  and 
research  Institutes.  the  coefficient  of  variations  of  the  tensile  and  bending 

strengths  of  PMC. 


Meon  strength  ,  Mson  strength  , 


Fig.  8  The  relation  between  the  mean  streng^  ^d  pjg  9  relation  between  the  mean  strength  and 

the  coefficient  of  variations  of  the  shear  strength  cf  the  coefficient  of  variations  of  the  tensile  strengtii  of 

PMC.  MMC. 
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ABSTRACT 

The  countries  of  Japan  and  France  are  currently  working  together  on  a 
nroiect  to  construct  a  monument  on  Awaji  Island  in  Hyogo  irefecture  to 
^  ic  thp  Vnoth  anniversarv  of  the  Frencli  Revolut  ion,  in  the  same  spirit 

rr;  co,r«ru:,  loror  Obe,.,  .»«  y-js  .go  U..bnitod 

States  in  commemoration  of  the  100th  anniversary.  Intended  to  express  the  th.m 
‘comlacS-  and  featuring  a  simple  gate-like  design  ^his  monument  w  1 
..erve  as  both  the  starting  point  and  the  ending  point  of  a  Tropic  of  Poe^r 
linking  France  and  Japan.  As  befits  a  monument  of  the  2lEt  century,  innova. 

"m  be  ...d  extensively  the  stn.etnre  A  t  ongh  P™ 

noses  a  number  of  technical  cjuestions,  the  joint  el  for  to  overcome  all 
difficulties  through  advancing  technological  ^  ‘'‘bJ/ef 

deeper  communication  between  the  two  nations.  1  should  ike 

explanation  of  this  project,  in  the  liope  that  such  knowledge  will  h  p  > 

r"r  the  eonslruetion  of  .  enloss.l  struetnre  using  innov.t.ve 

materials. 

BACKGROUND  TO  THE  CONCEPT  OF  THE  MONUMENT 

The  countries  of  Japan  and  France  are  currently  working  together  on  a 
nroiect  to  construct  a  monument  to  commemorate  the  200th  anniversap  of  t 
French  Revolution  in  Japan  (Awaji  Island,  Hyogo  Prefecture),  aiming  at  widenin, 
^™™„icItion  that  ...p^rts  ne,  friendly  exchange  between  the  two  nation,  nnd 
the  global  society  in  the  21st  century. 

This  nroiect  was  first  proposed  in  September  of  1986  by  the  Japan-France 

Symbol  Association,  the  promoting  organization  ISsf 

competitions  were  held  in  France  and  at  the  final  judging  held  n  June  of  1989, 
the  work  by  architect  Patrick  Berger  entitled  '.Awaji:  Garden  of  Tropics 
(collaborator:  J.P.  Nouhaud, writer )  was  chosen  as  the  winning  design. 

Eight  representatives  from  Japan,  including  architects  .Arata  Isozaki  and 
Tadao  aSo,  and  writer  Sakyo  Komatsu,  were  invited  to  attend  the  final  judging. 

Following  the  donation  of  the  concept  design  on  January  10,  1990,  the 
Japanese  side  began  taking  action  aimed  at  promoting  the  realization  of  the 
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project  by  joining  efforts  around  the  Japanese  Committee  for  the 
Japan-Friendship  Monument  (established  in  December  1989;  presidentrEishiro 
Saito,  president  of  the  Federation  of  Economic  Organizations)  which  was  set  up 
to  organize  nationwide  support. 

CONCEPT  OF  "AWAJI:  GARDEN  OF  TROPICS” 

The  prize-winning  work  by  architect  Patrick  Berger,  entitled  "Awaji; 
Garden  of  Tropics”,  features  a  simple  form  reminiscent  of  the  arches  often  seen 
among  the  relics  of  ancient  Greece  or  Rome,  besides  having  something  in  common 
with  the  “torii”  (gateway  to  Shinto  shrines  in  Japan). 

The  design, as  shown  in  Fig.  1,  consists  of  a  bronze  table  (305  m  long  x  30 
m  wide  x  6  m  thick)  supported  by  4  glass  pillars  (12  m  wide  x  18  m  deep  x  80  m 
tall ) • 

This  structure,  with  an  apparently  simple  design,  will  serve  as  a 
structure  symbolizing  “friendship,  exchange,  and  communication”. 

A  proposal  was  made  to  the  effect  that  granite  dating  back  almost  2 
billion  years  from  Batz  Island  in  the  Bretagne  region  France  would  be  carried 
to  Awaji  Island  to  serve  as  the  flagstone  for  the  monument;  and,  the  Japanese 
side  would  donate  a  Japanese  garden  to  the  quarry  site. 

The  imaginary  line  linking  Batz  Island  and  Awaji  Island  would  be  called 
the  “Tropic  of  Poetry”.  Scenes  of  various  places  found  along  this  line  would  be 
filmed  using  a  French  observation  satellite  and  projected  on  a  screen  at  the 
monument  site  in  order  to  turn  it  into  a  base  for  communication. 

The  concept  design  further  proposes  a  total  of  8  gardens  to  express 
various  facets  of  communication,  including  a  “Garden  of  History”  and  a  “Garden 
of  Memories”. 

Besides  innovative  materials,  this  monument  features  new  technical 
proposals  befitting  the  21st  century,  both  structurally  and  technologically, 
and  its  realization  will  only  be  accomplished  by  uniting  the  technical 
expertise  of  both  sides. 

Structural  Outline  of  the  Monument 

The  bronze  table,  as  shown  in  Fig.  2,  comprises  16  modules  of  wooden  beams 
(composite  wood),  which  represent  the  number  of  language  groups  in  the  world; 
each  wooden  beam  is  tensed  by  two  prestressing  cables  (diameter:  13.2  cm).  A 
steel  plate  (thickness:  6  cm),  which  resists  compressive  force,  will  rest  on 
top  of  these  beams,  and  the  table  itself  will  be  covered  with  a  bronze  plate 
(mean  thickness: 10  mm)  all  around. 

Each  supporting  glass  pillar,  as  shown  in  Fig.  3,  comprises  elementary 
glass  cubes  (each  2-meter  cube)  and  carbon  fiber  rods  (each  8  cm  x  8  cm);  and, 
the  carbon  fiber  rods  constitute  the  supporting  cubic  grid  structure. 

According  to  the  initial  computations,  it  is  estimated  that  a  prestressing 
load  of  about  65,000  tons  and  a  shearing  force  of  about  5,200  tons  will  be 
applied  to  the  table.  The  table,  which  is  a  compound  structure  of  wood,  steel, 
and  prestressing  cable,  and  the  support,  which  is  a  compound  structure  of  glass 
and  carbon  rod,  are  expected  to  present  sufficient  resistance  to  these  loads. 
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THE  OSAKA  BAY  AREA  AND  A  NEW  SYMBOL  ON  AWAJI  ISLAND 


A  series  of  major  national  projects,  including  the  Akashi  Kaikyo  Bridge, 
the  Kansai  International  Airport,  and  the  Osaka  Bay  Route  Highway,  are  now 
being  integrally  promoted  in  the  Osaka  Bay  Area,  and  this  area  is  expected  to 
serve  as  a  major  base  of  international  exchange  in  Japan  in  the  future. 

Awaji  Island,  the  future  site  of  the  monument,  is  now  in  the  midst  of 
being  transformed  into  a  large-scale  high-quality  “Awaji  Resort”  making  the 
best  of  the  beautiful  coastline  and  the  abundance  of  nature  there  to  offer  a 
new  dimension  in  our  lifestyle  in  the  future. 

The  Akashi  Kaikyo  Bridge,  upon  completion,  will  provide  a  direct  link 
between  the  Keihanshin  area  and  Shikoku  Island.  Taking  into  account  the  fact 
that  the  new  Kansai  International  Airport  will  be  also  be  very  close,  the 
proposed  monument  site  should  be  judged  to  have  all  the  ideal  conditions. 

Furthermore,  from  the  monument  site,  one  could  see  the  Akashi  Kaikyo 
Bridge  right  below  and  the  panoramic  view  of  Osaka  Bay  should  be  superb. 

This  monument  is  certain  to  become  a  symbol  of  the  Osaka  Bay  Area  and  the 
Seto  Inland  Sea  in  the  21st  century. 

For  this  purpose,  we  should  like  to  join  the  technological  know-how  of  our 
two  nations  in  order  to  overcome  a  series  of  problems  so  as  to  complete  this 
monument  befitting  the  21st  century. 
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Fig. 1.  General  drawings  of  Monument 


Center  line 


Fig.  2.  Cross  section  of  Bronze  Table 
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ABSTRACT 

A  general  use  of  composite  materials  In  industrial  structures  design  requires  that  appropriate  design  criteria 
and  corresponding  analysis  procedure  be  available  in  order  to  take  advantage  of  the  qualities  of  these 
materials.  Considering  the  fact  that  damage  in  these  materials  start  to  develop  at  rather  low  load  levels,  an 
accurate  modeling  of  the  microscopic  behavior  is  needed.  Such  analysis  procedure,  including  a  specific 
material  model  for  composite,  has  been  developed  and  Industrially  validated  in  the  past  years.  It  has  been 
developed  in  such  a  way  that  it  allows  to  use,  in  many  cases,  the  available  finite  element  packages. 

INTRODUCTION 

The  merits  of  using  fiber  matrix  material  In  many  structural  applications  are  gaining  increasing  recognition. 
However,  to  benefit  fully  from  these  materials,  a  meaningful  design  procedure  must  permit  some  degree  of 
internal  damage  within  the  composite,  such  as  matrix  micro-cracking  or  delaminatlon  between  layers.  Insofar 
that  the  safety  of  the  structure  is  not  Impaired.  Typically  matrix  micro-cracking  may  initiate  at  20%  of  ultimate 
load  with  the  first  fiber  failure  occurring  at  40%  of  ultimate  load.  Using  these  load  levels  as  design  criteria 
would  negate  the  benefits  of  composite  materials  and  lead  to  overly  conservative  structural  designs. 

To  assess  a  material  ultimate  strength  for  structural  member  design,  one  must  predict  the  initiation  and 
propagation  of  material  fracture,  meaning  macroscopic  material  separation.  Fracture  is  linked  to  the 
nucleation,  growth  and  coalescence  of  micro-flaws,  whether  natural  (initial  imperfections)  or  load  induced, 
into  macro-flaws.  Applying  this  phenomenology  to  composite  materials  requires  that  micro-damaging  of  both 
constituents  be  taken  into  account. 

Most  finite  element  packages  lack  a  material  model  capable  of  representing  the  different  constituents 
of  composites.  However,  they  still  can  prove  very  valuable  structural  design  tools  Insomuch  that  response 
curves  be  provided  for  the  critical  stmctural  members.  An  adequate  analysis  procedure  must  be  developed 
where  these  response  curves  are  generated  at  the  modeling  stage. 
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GENERAL  ANALYSIS  PROCEDURE 

Fiaure  1  shows  the  flow  chart  of  the  general  design  procedure.  In  this  procedure,  the  critical  member  of  the 
composite  structure  are  first  analyzed  with  PAM  FISS  In  order  to  generate  the 

their  loading  conditions.  This  is  done  by  developing  a  detailed  finite  element  model  of  these  mernbe  s  and 
deriving  the  structural  response  curve  by  incrementing  the  load  applied  to  the  rnember.  ^ 

carried  out  when  the  finite  element  package  to  be  used  for  the  global  structural  analyses  lacks  the  Bi-Phase 
model  or  any  equivalent  model  to  represent  the  multi-constituent  structure  of  the  composite  material. 

Following  that  initial  step,  for  these  cases,  an  equivalent  model  of  the  critical  members  can  be  derived 
by  using  the  structural  response  curves.  The  non  critical  members,  typically  those  members 
in  the  linear  range,  can  be  modeled  using  the  homogeneous  material  properties  available  in  all  finite  element 

packages 

Analytical  iteration  are  carried  out  in  the  classical  way  by  interpreting  the  results  of  tte 
case  that  one  or  more  critical  members  do  not  fulfill  the  design  criteria  and  need  to  be  redesign,  the  design 

loop  must  be  restarted. 

In  the  cases  where  the  structural  analysis  package  does  have  the  Bi-Phase  model,  or  an  equiv^ent 
model,  the  first  step  of  the  procedure  can  be  skipped  as  the  critical  members  can  be  modeled  with 
appropriate  material  properties. 

COMPOSITES  STRUCTURAL  CHARACTERIZATION 

r.n mnnsite  Structural  Behavior  ^  i  j  *u 

^en  loading  a  composite  members  at  levels  less  than  20%  of  the  ultimate  load,  the  cornposite 

material  is  fully  bonded  and  traditional  continuum  mechanics  theory  apply.  However,  with 

fiber  and  matrix  damage  tend  to  progress  independently  within  the  two  constituents  which  °bey 

independent  mechanical  and  failure  criteria  [2].  In  that  case,  a  homogeneous  nnaterial 

reproduce  the  behaviors  for  all  possible  layouts  of  structural  members.  A  special  material  model  is  thus 

needed  to  account  for  the  different  damaging  processes  of  the  matrix  and  the  fibers. 

BiShase  model  is  an  ESI  proprietary  material  model  adapted  to  unidirectional  long  fiber  ''®inforced 
composites  or  composite  fabrics  [11.  This  model  is  iliustrated  on  the  figure  2  hereunder.  The  stiffne^  and  the 
strength  of  its  elements  are  calculated  by  superimposing  the  effects  of  an  oithotropic 
(the  matrix  of  the  composite),  and  of  a  unidirectional  constituent  (the  fibers),  with 
compatibility.  Each  material  constituent  has  its  own  rheological  P'°P®'^'®®- ®-9- ®'®® 

orthotropic,  or  a  micro-fracturing  brittle  damage  law  for  the  matrix  and  a  unidirectional  elastic  brittle  damage  law 

for  the  fibers.  Upon  incremental  loading,  the  stresses  are  calculated  separately  for  each 

damage  (matrix  cracking,  fiber  rupture)  can  propagate  independently,  based  on  the  criteria  chosen  for  each 

constitu^ntfi  laminate  is  modeled  by  stacking  through  the  thickness  several  unidirectional 

elements  with  the  fibers  oriented  along  different  directions  with  respect  to  a  global  reference  frame. 

ESI’s  PAM  FISS™  is  a  special  purpose  finite  element  package  for  damage  and  fracture  mechanics.  It 
contains  the  Bi-Phase  model  and  allows  for  arbitrary  three  dimensional  geometries,  static  ant* 
loading,  including  impact,  contact  and  interface  sliding,  and  thermal  loading.  Figure  3  hereunder  illustrates 

the  major  features  of  PAM  FISS™. 

The  specialized  damage  and  fracture  mechanics  option  of  PAM  FISS™  allow  to  zoom  on  areas  of  ^ress 
conc.n^.Sr.rm.sh  L  r.du«lon.  to  p,op.,a<.  cok  or  d,l.mir.«on  trons 
independent  from  the  finite  element  mesh  orientation,  and  to  automatically  evaluate  several  damaging  and 

toughness  criteria. 
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Industrial  Validation 

Developing  new  material  models  and  analysis  procedures  is  not  an  end  by  itself.  It  requires  an  Industrial 
validation,  comparing  analytical  results  with  tests,  in  order  to  be  applicable  In  industrial  applications.  This 
general  rule  has  been  applied  to  the  Bl-Phase  model  and  to  the  PAM  FISS™  package. 

Industrial  validation  of  the  Bi-Phase  material  model  and  of  the  PAM  FISS^m  package  has  been  carried 
out  during  for  several  years,  mainly  in  the  fields  of  aerospace  and  defense  [1l[4][5].  More  recently  these  tools 
have  been  used  and  validated  for  other  industrial  fields.  The  reports  of  these  projects  will  be  reported 
publicly  in  the  coming  months. 

It  Is  beyond  the  scope  of  this  presentation  to  detail  the  results  of  these  industrial  validations.  The 
Interested  reader  can  refer  to  ESI  Japan  to  get  more  details  on  it. 

TYPICAL  APPUCATION  :  CRASH  SIMULATION 

While  not  the  most  typical,  the  above  procedure  is  illustrated  here  for  the  case  of  the  numerical  simulation  of 
the  crash  of  composite  structure.  It  is  not  typical  because  the  simulation  tool  used,  PAM  CRASH^w,  does 
have  the  Bi-Phase  model  Implemented  In  it.  It  was  thus  not  necessary  to  proceed  with  the  two-step  analysis. 
However,  this  case  has  been  selected  because  it  shows  that  advanced  numerical  techniques,  such  as  the 
one  used  for  structural  crash  simulations,  can  be  used  for  structures  made  of  advanced  materials,  such  as  the 
LFRP  composites. 

PAM  CRASH^M  is  a  widely  used  package  for  the  numerical  simulation  of  metallic  structures  crashes.  In 
that  field,  especially  in  the  cases  of  transportation  artifacts,  such  as  automobiles  and  rolling  stocks,  PAM 
CRASH^M  is  recognized  worldwide. 

In  the  case  of  structures  made  of  composite  material,  few  results  have  ever  been  shown  and  no 
industrial  solution  is  available  for  the  numerical  simulation  of  crashes.  Following  several  years  of  preliminary 
Investigation  and  Initial  validation,  the  Bi-Phase  model  has  been  Implemented  in  the  PAM  CRASHTm  package 
and  a  major  industrial  investigation  has  been  undertaken.  The  detailed  results  of  this  project  will  be  reported 
publicly  later.  In  this  communication,  preliminary  qualitative  results  are  shown. 

Figure  4  shows  the  collapse  modes  of  a  box  beams  submitted  to  low  velocity  axial  crash,  one  being 
made  of  ductile  metal,  and  the  second  of  LFRP  composite,  with  a  wall  made  of  a  sandwich  structure.  In  that 
project,  PAM  FlSS'i'w  was  used  to  calibrate  the  Bi-Phase  model  for  the  particular  composite  used.  Simple 
coupon  tests  were  simulated  and  the  results  were  compared  with  actual  tests  results.  The  crash  of  the  box 
beam  then  simulated  using  PAM  CRASH^'^  and  the  results  were  compared  with  test  results. 

CONCLUSIONS 

An  analysis  procedure  has  been  presented  to  replace  the  traditional  approach  of  analyzing  an  equivalent 
homogeneous  anisotropic  continuum  by  a  two-step  analysis.  The  traditional  allowable  stress  criterion  is 
replaced  by  a  realistic  numerical  simulation  of  the  Initiation  and  propagation  of  damage  for  the  critical  members 
of  the  structure. 

This  procedure  allows  to  take  advantage  with  reliability  of  the  merits  of  composite  materials  (low  weight 
for  high  strength)  and  still  using  in  most  application  cases  the  existing  analysis  tool,  i.e.  the  non  linear  finite 
element  packages. 
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Critical  members 
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General  members 


Figure  1  -  General  Flowchart  of  Procedure  for  Structural  Analysis  of  Composites 
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Figure  2  -  Bi  -  Phase  Material  Model  for  LFRP  Composites 
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Figure  3  -  PAM  FISS™  Features  and  Typical  Applications 
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Figure  4  -  PAM  CRASH™  Features  and  Application  to  Crash  of  Composites 
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ABSTRACT 

Surface  grafting  is  a  treatment  which  consists  in 
covalently  binding  molecules  or  polymer  segments  to  a 
substrate.  This  paper  reports  how  to  provide  new  glass 
surface  properties  by  chemical  grafting. 

First,  polymer  grafted  glass  fibers  are  presented,  which 
exhibit  high  activated  area  and  therefore  good  potentiality 
to  adhesion  and  adsorption. 

Then,  molecular  glass  grafting  is  described:  the 
deposition  of  self-assembled  monolayers  of  organosilicon 
compounds  on  glass  can  induce  important  modification  of 
wetting,  adhesion  and  chemical  properties  of  glass  surfaces. 
Data  concerning  microstructure  characterization  and 
macroscopic  properties  of  these  grafted  monolayers  are  given. 
Polymer  grafting  is  also  reported. 

Applications  of  grafting  for  design  multimaterials  in  the 
glass  industry  are  evoked. 
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INTRODUCTION 

Surface  treatments  have  been  a  subject  of  interest  and 
importance  for  many  years,  and  are  now  used  in  all  industries 
in  order  to  create  new  physical  and  chemical  properties  at 
the  surface  of  traditional  materials.  A  large ^  number  of 
surface  treatments  has  been  developed,  depending  on  the 
nature  of  the  substrate  and  application.  Both  the  wide  range 
of  Saint“Gobain  materials,  which  includes  glass,  cast  iron, 
ceramics  and  paper,  and  the  will  to  develop  new 
multimaterials,  explains  why  the  surface  treatments  area  is 
of  great  interest  for  Saint-Gobain . 

The  present  paper  focuses  on  an  emerging  chemical  surface 
treatment:  grafting,  which  consists  in  covalently  binding 
small  molecules  or  polymer  segments  to  a  substrate.  Grafting 
is  commonly  used  for  producing  surface  modified  polymer  and 
silica  supports  for  separation  techniques  (1),  and  is 
starting  to  be  extended  to  other  fields  (2) . 

In  glass  industry,  two  types  of  application  of  grafting 
can  be  considered: 

1)  controlled  interfaces 

2)  activated  surfaces 

The  first  one  involves  adhesion  and  friction  properties  to 
be  modified  (composites,  adhesive  bonding...)  whereas  the 
second  one  includes  adsorption  capacities  aspects  (catalysis, 

sensors . . . ) .  ^ 

This  paper  especially  reports  how  to  modify,  by  grafting, 
physico-chemical  properties  of  glass  and  polymer  surface; 
consequences  on  wettability,  surface  activity  and  adhesion 
behavior  of  these  materials  are  described. 

MATERIALS 

Glasses  and  polymer  of  industrial  interest  were  used  for 
experiments  :  float  glass  plates,  E  and  C  glass  fibers  from 
Saint-Gobain  and  one  polyurethane  (PU) .  Chemicals  employed  in 
the  preparation  of  grafted  layers  were  from  Petrarch 
(silanes)  and  Aldrich  (other  compounds),  and  were  used  as 
received. 

POLYMER  GRAFTED  GLASS  FIBERS 

Polymer  grafted  glass  fibers  were  obtained  from 
conventional  glass  fibers  used  for  insulation  or 
reinforcement  of  plastics.  Firstly  pretreated  with^  a  thermal 
activator,  fibers  were  then  chemically  grafted  in  aqueous 
solution  by  unsaturated  monomers,  such  as  acrylics,  which 
polymerized  on  the  active  surface  sites,  forming  covalent 
bonds  at  the  interface.  Experimental  conditions  have  been 
chosen  in  such  a  way  that  fibers  were  highly  grafted  by 
strongly  bound,  weakly  crosslinked  polymer  chains,  in  order 
to  significantly  increase  the  number  of  surface  sites 
compared  to  naked  fibers.  Grafting  ratios  in  the  range  of 
50-100  %  of  the  initial  fibers  weight  have  been  obtained  in 
this  way,  that  leads  to  a  specific  area  of  about  100  m  /g. 
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The  microst ructure  of  these  grafted  fibers  was 
chardoterized  by  microscopy  :  complete  coverage  of  the  fibers 
by  the  coating  was  observed  in  the  case  of  polyacrylic  acid 
graftings.  Moreover,  swelling  experiments  were  carried  out  in 
several  media.  It  was  observed  (figure  1)  that  this  kind  of 
coating  exhibited  a  high  affinity  for  polar  species,  such  as 
water,  alcohols  and  amines,  and  ions.  This  surface  treatment 
constitutes  a  valuable  tool  for  controlling  interfaces  and 
obtaining  activated  surfaces. 

SELF-ASSEMBLED  MONOLAYERS  ON  GLASS 

Self-assembled  monolayers  of  silanes  onto  float  glass  were 
obtained  according  to  procedure  reported  elsewhere  (3)  ;  it 
consists  in  dipping  clean  glass  substrates  into  a  solution 
containing  a  small  amount  of  silane  diluted  in  a  mixture  of 
chlorinated  and  aliphatic  solvents.  Then  treated  glass 
samples  were  rinsed  with  pure  solvents  and  dried  at  ambient 
temperature. 

The  adsorption  of  long-chain  silanes  on  flat  glass  was 
investigated  using  wettability  measurement.  X-ray 
reflectivity,  Fourier  Transform  Infra  Red  (FTIR)  spectroscopy 
and  desorption  tentative  experiments.  Glass  plates  treated 
with  octadecyltrichlorosilane  (OTS)  exhibited  very  low 
surface  energy  :  for  example,  water  forms  droplets  which  move 
freely  at  the  surface,  providing  contact  angle  equal  to  105®, 
that  corresponds,  according  to  Fowkes*s  theory  (4),  to  a 
surface  energy  of  about  30  mJ/m^.  Water  adhesion  to  glass 
surface  is  thus  five  times  decreased  following  OTS  treatment. 

X-ray  reflectivity  experiments  showed  that  the  adsorbed 
layer  was  highly  dense  and  approached  thickness  of  about  2.1 
nm,  within  0.1  nm  to  the  OTS  length.  Polarized  specular 
reflectance  FTIR  spectroscopy  confirmed  these  results: 
adsorption  of  OTS  to  float  glass  surface  can  lead  to 
formation  of  closely  packed  monomolecular  films,  essentially 
perpendicular  to  the  surface.  Models  for  grafting  mechanism 
of  long-chain  silanes  and  structure  of  self-assembled 
monolayers  are  proposed  in  figure  2. 

Ageing  experiments  made  on  OTS  treated  glass  samples 
showed  that  self-assembled  monolayers  do  exhibit  high 
resistance  to  hot  water  and  moisture.  Thus,  because  of  their 
non  polar  moieties  exposition,  their  closely  packing  and  very 
strong  binding  to  the  surface,  grafted  OTS  molecules  cannot 
be  easily  removed. 

Potential  applications  of  self-assembled  monolayers  are 
very  numerous.  By  using  silanes  with  various  terminal  groups, 
one  may  expect  to  obtain  both  passivation  and  activation 
coatings  in  order  to,  for  example,  repel  water,  protect  glass 
surface  against  chemical  attacks  or  promote  adhesion  with 
polymers. 
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GRAFTING  OF  POLYMER  SURFACE:  AN  ALTERNATIVE  TO  PROMOTE 
GLASS/POLYMER  ADHESION 

Chemical  surface  modification  of  polyurethane  (PU)  films 
was  studied  by  grafting  acrylic  monomers  under  electron 
radiation,  with  the  aim  of  increasing  the  hydrophilic 
behavior  of  PU.  The  experimental  process  consisted  in 
spreading  over  the  PU  surface  an  aqueous  solution  containing 
the  monomer,  then  submitted  it  to  electron  beam  of  several 
hundreds  keV  energy  and  several  Mrads  dose  .  Then  treated  PU 
was  rinsed  with  water  in  order  to  remove  ungrafted  species . 

Measurement  of  surface  energy  by  the  contact  angle  method 
showed  that  hydrophilicity  of  PU  films  was  considerably 
increased  by  the  grafting  :  initially  of  about  5  mJ/m^,  polar 
component  of  the  surface  energy  reached  approximately  30 

mJ/m2  after  grafting.  ^  ^ 

Impact  of  this  surface  grafting  on  adhesion  properties  of 
PU  films  with  glass  was  also  demonstrated  using  a 
conventional  peel  test.  We  can  see  on  figure  3  that  adhesive 
strength  reached  more  than  one  hundred  N/cm  at  the 

glass/grafted  PU  interface.  .  ■  x:  ^  ■ 

Applications  of  this  grafting  process  may  be  found  in 
several  areas  :  laminated  flat  glass^  coatings  for  glass 
fibers,  and  so  on... 


CONCLUSION 


It  was  shown  that  grafting  techniques  can  induce  important 
modification  of  the  physico-chemical  properties  of  glass  and 
polymer  materials.  The  wide  variety  of  these  techniques, 
combined  with  the  innovative  character  of  this  area,  makes 
grafting  very  attractive  for  sectors  where  controlling 
interfaces  becomes  predominant,  such  as  advanced  composites 
materials .  . 
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ABSTRACT 

The  influence  of  the  reaction  zone  thickness  on  the  shear  properties  of 
SiC  fiber-reinforced  titanium  based  composites  (  SCS6/commercially  pure 
titanium  or  Ti-6A1-4V  alloy)  has  been  investigated.  The  Shear-lag  model 
analysis  is  applied  for  the  determination  of  interfacial  shear  debonding 
stress  and  frictionnal  sliding  shear  stress  of  the  composite  during 
indentation  test  (fiber  push-out  ). 

To  study  the  behaviour  of  the  complex  interface  between  fiber  and 
matrix  the  composite  is  modelled  following  three  concentric  cylinders 
models.  The  influence  of  the  heat  treatment  will  be  taken  into  account  with 
the  variation  of  the  thickness  of  the  reaction  zone.  Some  numerical 
applications  are  discussed  here. 
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INTRODUCTION 

SiC  fiber-reinforced  titanium  alloy  composites  are  being  considered 
for  applications  in  advanced  gas  turbine  engines.  During  exposure  to 
processing  and  service  temperatures,  the  composites  develop  reactions  at 
the  fiber-matrix  interface,  which  can  damage  the  mechanical  behaviour  of 
the  composite  material. 

In  this  work,  the  effect  of  the  reaction  zone,  and  the  degradation  of 
the  fiber  on  the  strenght  of  the  composite  material  is  studied  by 
determining  the  interfacial  shear  strenght  with  analytical  models  (Shear  Lag 
theory  and  concentric  cylinders  models  [2,3])  and  experimental  tests  (push 
out  indentation). 


EXPERIMENTAL  PROCEDURE 
Material  : 

Ti-based  composite  material  was  obtained  by  hot  pressing  at  900°C 
under  100  MPa  during  Ih,  of  titanium  sheets  with  SCS6  fibers.  The  Ti-6A1- 
4V  alloy  matrix  composite  was  fabricated  by  hot-isostatic  pressing. 

Push-out  indentation  test  : 

Using  a  fiber  push-out  technique  (Figure  1)  the  interfacial  debonding 
load  and  the  maximum  sliding  load  were  measured  for  varying  lenghts  of 
embedded  fibers.  The  interfacial  properties  can  then  be  evaluated  (shear 
debond  stress  xj  and  sliding  friction  stress  Xf). 


ANALYSIS  OF  THE  INTERFACIAL  MECHANICAL  PROPERTIES 

Debonding  and  sliding  analysis  : 

The  application  of  the  Shear-lag  model  gives  an  estimation  of  the 
debonding  stress.  The  analysis  of  sliding  friction  [1]  allow  the  evaluation  of  a 
coefficient  of  sliding  friction  (  p=  0.15)  and  of  residual  compressive  stress  on 
the  interface  Oq. 
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Residual  stress  calculation  : 

To  study  more  precisely  the  behaviour  of  the  complex  interface 
between  SiC  fibers  and  titanium  or  Ti-A16-4V  alloy  the  composite  was 
modelled  as  an  assembly  of  SiC  bar,  thin-walled  reaction  zone  t  and  thick- 
walled  titanium  alloy  matrix  as  shown  on  figure  2  [2,3]. 

If  we  assume  that  the  reaction  zone  consists  of  TiC  [4],  because  of  the 
difference  between  the  elastic  moduli  and  between  the  coefficients  of 
thermal  expansion  of  the  materials,  the  value  of  Oo  is  particularly  high  (do  = 
SOOMPa).  Figure  3  compares  normalized  stresses  between  fibers  and 
interface,  and  interface  and  matrix,  respectively  aim  and  ofi,  calculated 
following  the  two  models.  As  a  function  of  reaction  zone  thickness  both  give 
the  same  kind  of  result;  the  absolute  value  is  higher  in  the  case  of  [2]  which 
seems  less  accurate.  In  this  case  we  could  predict  that  the  fracture  will  occur 
between  the  reaction  zone  and  the  matrix  (cjm  <  Ofi).  But  this  result  is  not 
consistent  with  the  experimental  observations. 

Before  heat  treatment  if  we  consider  amorphous  carbon  in  the 
"reaction  zone"  aim  and  an  have  closer  values. 


PERSPECTIVES 

The  experimental  results  have  yet  to  be  completed  and  compared 
with  previous  studies  [4,5].  Then  the  effect  of  the  heat  treatment  will  be 
considered  with  the  variation  of  the  reaction  zone  thickness  t  and  of  the 
reaction  products.  Hardness  measurements  and  microstructural 
characterizations  of  the  matrix,  fiber  and  reaction  zone  are  also  being  carried 
out  to  discuss  the  experimental  results. 


-237- 


REFERENCES 

[1]  D.K.SHETTY.-  J.  Am.  Ceram.  Soc.,  71  [2]  C107-C109  (1988) 

[2]  H.NAYEB-HASHEMI  and  J.SEYYEDI  -.  Met.Trans  A,  20A,  1989,  727-739. 

131  C  H..HSUEH,  P.F.BECHER  and  P.ANGELINI  - 

J  .Am.  Ceram.  Soc.  ,71  [11]  929-933,  Nov.88 

[4]  C.JONES,  C.J.KIELY  and  S.S.WANG - 

J.  Mater.  Res.,4  ,[2],  327-335,  Mar/Ap.89 

[5]  Y.LEPETITCORPS,  R.PAILLER  and  R.NASLAIN  - 

Comp.  Sc.  Technology,  35,  207-214,  (1989). 

[6]  C.J.YANG,  S.M.JENG  and  J.M.YANG  -  Scripta  Met.  24,  469-474,  1990. 


Figure  1  :  Geometry  of  the  indentation  test 
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Three  concentric  cylinders  model 


a)  AFTER  [2] 


Figure  3  :  Normalized  stress  between  the  three  layers 
versus  reaction  zone  thickness  t  (  p.ni ) 
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ABSTRACT 

In  this  paper  is  presented  what  is  the  state  of  the  art  in  the  plasma  spraying  of  ceramics 
coatings.  The  importance  of  the  design  of  the  plasma  torch  is  first  emphasiz^.  Then  the  heat  and 
momentum  transfers  problems  between  the  plasma  jet  and  the  inject^  peculates  are  discussed 
with  the  heat  propagation  phenomenon  enhanced  for  ceramic  particulates  especially  the 
agglomerated  ones.  The  way  the  particulates  flatten  is  then  discussed  with  the  strands  and  passes 
formation  and  the  importance  of  the  coating  temperature  monitoring  during  spraying  to  limit  the 
cracks  formation  and  improve  the  thermomechanical  proparties  of  the  coatings. 


1.  INTRODUCTION 

When  temj^ture  and/or  load  increase,  materials  are  subjected  to  corrosion,  and/or  wear  and 
if  material  chemistry  provides  the  mechanical  properties  it  often  does  little  to  provide  sufficient 
corrosion  or  wear  resistance.  These  problems  were  solved  by  use  of  a  thin  layer  of  a  second 
material  ( coating )  applied  to  the  component  surface  ( often  by  thermal  spraying )  which  provide 
corrosion,  wear,  thermal  resistance  without  degrading  the  mechanical  properties  of  the  substrate. 
Plasma  spraying  has  extended  drastically  the  capabilities  of  the  thermal  spray  coatings  by 
accomodating  coating  materials  with  very  high  melting  points  such  as  ceramics,  cermets,  refrijtory 
alloys  and  superalloys.  The  advent  of  the  space  age  in  the  late  1950'  has  brought  about  a  need  for 
higher  performance  materials,  which  helps  the  development  of  plasma  sprayed  coatings.  The 
success  of  these  coatings  in  aircraft  engineering  ( still  the  largest  market )  has  led  the  applications  in 
other  ftelds  such  as  paper,  steel,  textile,  chemicd,  mechanic,  oil  and  gas  industries.  Now  plasma 
spraying  is  a  pCTmanent  part  of  the  mechanical  engineering  discipline  and  the  sales  increase  of 
about  12%/year  since  four  years  /I  to  7  /. 

In  plasma  spraying  the  heat  source  is  a  d.c.  arc  where  the  gas  blown  between  a  stick  type 
thoriated  tungsten  cathode  and  a  nozzle  shaped  anode  is  pe^y  heated  in  a  plasma  column  before 
exiting  as  a  jet  at  high  velocity  but  with  a  low  density  in  either  air  ( APS ),  or  in  inert  controlled 
atmosphae  ( IPS ),  or  soft  vacuum  ( VPS  or  LPPS  ).  Die  design  of  this  heat  source  will  be  the 
subject  of  the  first  section,  however  limited  to  APS. 

The  peculates  ( size  distributions  between  a  few  pm  and  100  pm ),  injected  radially  in  the 
plasma  jet  either  inside  the  nozzle  ( but  downstream  the  arc  root )  ot  outside  it,  are  accelerated, 
heated  and,  if  possible,  melted  diuring  their  flight  in  the  jet.  This  means  of  course  that  only 
materials  which  melting  temperature  is  at  least  lower  by  300K  from  their  evaporation  or 
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decomposition  temperature  can  be  sprayed.  The  heat  and  momentum  transfers  to  the  particulates 
are  theTey  points  t^btain  a  molten  state  upon  impact.  The  s^ond  section  will  be  devoted  to  the 
study  of  these  phenomena  under  thermal  plasma  spraying  conditions. 

The  particulates  splat  onto  the  subtrate  and  the  previously  deposited  layers  and  are  cooled 
down  very  fast  (  up  to  106  K/s  at  the  beginning  which  is  equival^t  to  splat  cooling  ).  -^e  way 
they  splatdepends  on  their  moltai  state  and  velocity  upon  impact.  The  resulting  lamellae  pilling  up 
together  withthe  cracks  generated  by  the  stresses  relaxation  (  stresses  due  to  quenching  of  the 
spfats  temperature  gradients  within  the  coatings  and  differences  in  expansion  coefficients 
the  substrate  and  the  coating ).  The  last  section  will  deal  with  the  coating  built  to  up  and  the  thermal 

problems  involved. 


2.  PLASMA  JET  GENERATION 

It  involves  very  complex  physical  phenomena  at  the  el^trodes  and  3  D  flows  which  are 
laminar  within  the  plasma  jet  core  and  the  plasma  column  inside  the  torch  (  due  to 
temperatures,  low  density  and  high  viscosity  of  the  pl^ma ) 

frin^s  as  well  as  in  the  closeby  entrained  surrounding  gas  /  1 1  to  13/.  Thus  it  explains  why  the 
plasma  torches  development  has  been  mainly  empirical  since  decades  / 14  to  16  / . 

The  electrons  necessary  to  create  the  plasma  column  are  emitted  at  the  conicd  bp  of  a  stick 
type  thoriated  tungsten  cathode  by  thermoionic  emission  (  see  fig.  1 ).  A^rding  to 
term  in  the  Richardson-Dushman's  law,  a  very  small  diameter  of  a  molten  pool  (  a  few  tenths  o  ^ 
mm2  )  is  sufficient  to  provide  the  requested  electron  density  /17/.  A  complete  modeltog  is  complex 
and  only  empirical  formulae  to  determine  cathode  shapes  and  dimensions  have  been  established 

/18/. 

From  this  small  emitting  spot  the  plasma  expands  (  see  fig.  1  )  pumping  part  of  the  plasma 
eas  iniected  close  to  the  cathode  tip.  This  expansion  /  8, 17/  depend  on: 

^  -  the  way  the  gas  is  injected  in  the  arc  chamber  ( radially,  longitudinally,  along  the  surface  of 

the  the  electrical  radius  corresponding  roughly  to  the  8000  K 

isotherm. 

Thus  the  design  of  the  arc  chamber  is  very  critical  especi^y  for  the  plasma  8^^  “y^^ion. 
The  length  of  the  plasma  jet  ( characterized  for  example  by  the  8000  K  irotherm )  vanes ^silyi 
ratio  of 1.5  for  the  same  plasma  gas  flowrate  and  nature  and  almost  the  same  power  level  when 
changing  the  gas  injector  h  9/  as  shown  in  fig.  2. 

The  length  of  the  nozzle  dqjends  on  the  plasma  column  diameter  relative  to  that  of  the 
nozzle.  The  arc  strikes  at  the  anode  nozzle  wall  ( see  fig.  1 )  by  one  or  a  few  tiny  plasma 
( when  the  cold  boundary  layer  close  to  the  wall  is  hot  enough )  which  are  wntinously  fluctuating 
under  the  action  of  the  drag  force  resulting  from  the  "cold"  plasma  gas  fraction  flowng  in  the 
fringes  of  tite  ic  and  Sej  *  B  forces  /8/  (  see  fig.  1  ).  Theses  fluctuations  result  in  arcing 
mSfying  continously  the  length  of  the  electrically  conducting  plasma  column.  This  continuous 
movement  of  the  arc  root  helps  in  preserving  the  integrity  of  the  anode,  the  thermal  flux  at  the 
anode  reaching  IQJO  -  IQn  W/m2.  These  fluctuations  of  the  plasma  column  length  ( linked  to  the 
S?2rSySc  in  the  nozzle )  coupled  with  the  negative  resistance  of  Ae  arc,  react  on  the  power 
fupply  which  brings  in  its  own  fluctuations  and  all  these  phenomena  induce  P^^^ating  pl^ma  jets 
which  length  varies  at  frequencies  between  1  kHz  ( pure  argon )  and  a  few  tens  of  kHz  (  Ar  -  Hi 
plasmas). 

As  the  plasma  jet  exits  the  nozzle  it  encounters  a  ste^  laminar  she^  at  the 
iet  /21/  f  see  fig  1 )  This  large  velocity  difference  causes  the  flow  around  the  nozzle  exit  to  roll  up 
into  a  ringvortex  which  is  pulled  downstream  with  the  flow,  allowing  the  process  to  repeat  itself 
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again  at  the  nozzle  exit.  Adjacent  vortex  rings  have  the  tendency  to  coalesce  to  form  larger  vortices. 
The  perturbated  vortices  start  to  entangle  themselves  with  adjacent  rings  resulting  in  large  scale 
eddies  and  the  onset  of  turbulent  flow.  That  results  in  the  first  large  scale  entrainment  of 
surrounding  atmosphere.  The  mixing  and  diffusion  processes  eventually  reaches  the  center  line  of 
the  jet  foretelling  the  end  of  the  plasma  core.  When  the  surrounding  atmosphere  is  air,  the  oxygen 
dissociation  at  3500  K  cools  down  very  fast  the  plasma  jet  and  shortens  its  length  as  shown  by  the 
measurements  of  Roumilhac  719/. 

This  turbulent  mixing  depends  strongly  on  the  plasma  jet  velocity  which  is  however  a 
parameter  very  difficult  to  measure  787.  Of  course  the  plasma  jet  velocity  ,  for  given  arc  chamber 
and  nozzle,  increases  with  the  total  arc  current  1,  the  total  gas  flowrate  m°pi  and  the  hydrogen 
percCTtage.  As  shown  by  the  measurements  of  Brossa  and  Pfender  7227  with  probes  in  a  Ar  plasma 
flowing  in  air,  the  rate  of  air  pumping  increases  with  arc  current  and  gas  flowrate.  Such 
measurements  are  confirmed  by  those  of  Roumilhac  7197  : 

As  a  conclusion  it  is  important  to  emphasize  the  complexity  of  the  phenomena  involved  in  the 
creation  of  a  spraying  plasma  jet.  The  temperature  and  probably  the  velocity  distributions  depend 
strongly  on  the  nozzle  and  arc  chamber  designs,  nozzle  diameter  and  shape,  arc  current,  total 
plasma  gas  flowrate  and  nature  and  they  are  difficult,  if  not  impossible,  to  predict.  It  must  be  kept 
in  mind  that  two  plasma  torches,  even  if  their  design  characteristics  seems  to  be  identical,  working 
with  the  same  arc  current  and  total  gas  flowrate  and  nature  may  produce  quite  different  plasma  jets 
resulting  in  ver>'  different  melting  conditions  for  the  particulates. 

The  plasma  viscosity  plays  also  a  great  role  in  the  mixing  with  the  surrounding  atmosphere 
as  shown  by  the  measurements  of  Roumilhac  7197  for  Ar-He  (  40-60%  vol )  plasma  jets  which 
length  is  the  same  as  that  of  /\r-H2  ( 80-20%  vol )  jets  with  a  power  level  1.5  time  higher. 


3.  HEAT  AND  MOMENTUM  TRANSFERS  TO  THE  PARTICULATES 

As  already  emphasized  (  see  introduction )  heat  and  momentum  transfers  to  particulates  under 
thermal  plasma  conditions  are  very  complex  and  many  papers  have  been  devoted  since  the 
seventies  7  9, 10, 23  to  26  for  example  7.  Many  possible  phenomena  playing  a  role  in  transfers 
havp  been  accounted  for  but  for  the  same  phenomenon  many  expressions  are  proposed.  To  make  a 
choice  between  them  a  comparison  with  experimental  data  has  to  be  made.  Unfortunately  the 
experimental  data  7  27  to  29  for  example  7  on  particulates  result  from  statistical  measurements  on  N 
particulates  passing  in  the  measurement  volumes  during  a  given  time  and  thus  such  measurements 
do  not  allow  really  to  choose  7307.  However  such  models,  related  to  momentum  and  heat  transfers 
to  a  unique  particulate,  are  very  useful  to  predict,  at  least  qualitatively,  what  are  the  tendencies. 


3.1  Transfer  to  a  Unique  Particulate 

The  motion  of  the  injected  particulate  is  established  by  a  force  balance  7107  often  resumed  to 
the  Newton's  force  equal  to  the  drag  force  in  which  the  drag  coefficient  is  usually  derived  from  a 
corrected  Stokes  formula.  In  this  formula  the  Drag  coefficient  has  to  be  corrected  for  the  steep 
temperature  gradients  between  the  particulate  and  its  surrounding,  the  vaporization  of  the 
particulate,  the  non  continuum  effect  (  already  important  at  atmospheric  pressure  for  particulate 
diameters  below  10  pm ). 

For  a  given  injection  velocity  of  the  studied  particulate,  provided  the  plasma  jet  temperature 
and  velocity  distributions  are  known  ( see  section  2  ) ,  the  integration  of  the  equations  of  motion 
allows  to  calculate  the  velocity  components  of  the  particulate,  from  which  the  trajectory  may  be 
obtained  by  further  int^ration  for  the  position  vector. 

Such  calculations  show  the  great  importance  of  the  particulate  initial  velocity  on  its  trajectory 
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depending  on  the  plasma  jet  temperature  and  velocity  distributions  /29, 31, 38/. 

Particulate  heating 

The  temperature  history  of  the  particulate  is  determined  by  an  raergy  balance  at  the  particulate 
surface  which  include  Ae  energy  transfer  from  the  plasma  to  the  particulate,  the  energy  required  for 
heating  the  vapor  from  the  particulate  surface  temp^ture  to  that  of  the  plasma  and  the  latent  hrat  of 
change.  Of  course  in  case  of  melting  and/or  vaporizing  (  which  occurs  generally  with  ceramics  in 
Ar-H2  plasmas )  a  moving  boundary  problem  has  to  be  solved  / 10, 31/. 

Usually  the  heat  transfer  coefficient  h  is  obtained  from  the  familiar  Nusselt  nurnber,  of 
course  using,  as  for  Co,  correction  factors  to  account  for  the  steep  temperature  gradients.  In 
graeral  convection  repres^ts  little  compared  to  conduction  /23/  and  h  can  be  expressed  as: 

h  =  2lc  /  dp 

where  iTis  the  mean  integrated  thermal  conductivity  of  the  plasma  gas  and  dp  the 
particulate  diameter. 

With  ceramic  particulates  sprayed  with  Ar-H2  plasmas  (  for  which  the  l^t  transfer  is 
drastically  enhanced  by  the  hydrogen  with  its  high  mean  thermal  conductibility  k  /23/ )  heat 
propagation  phenomenon  occurs  according  to  the  low  thermal  conductivity  Kp  of  the  material  ( it 
occurs  as  soon  as7/  Kp  >  0.03  ).  This  is  illustrated  in  fig  3  for  dense  zirconia  particulates  (  fused 

and  crushed,  stabilized  with  8%  wt  yttria )  with  two  sizes/  30  and  60  pm )  flying  in  an  Ar-H2 
plasma  jet  at  a  30  kW  power  level.  It  can  be  seen  that  the  30  pm  particulate  reaches  a  maximun 
surface  temperature  of  3700  K,  while  the  center  temperature  is  higho-  than  the  melting  temperature 
after  80  mm  trajectory.  On  the  contrary  for  60  pm  particulate  if  the  surface  temperature  is  higher 
than  the  melting  temperature  the  carter  tempoature  reaches  hardly  the  melting  tempoature  80  mm 
downstream  of  the  nozzle  exit  where  the  spraying  substrate  is  usually  disposed.  This  phenomenon 
is  enhanced  when  agglomerated  particulates,  with  lower  thermal  conductivity,  are  used.  This  is 
illustrated  in  fig.  4  showing  the  temperature  evolution  ( surface  and  center )  versus  time  of  these  60 
pm  particulates  respectively  fused  and  agglomerated  immersed  in  an  infinite  Ar-H2  plasma  ( 23% 
H2  in  vol. )  at  lOOOOK.  As  the  melting  state  controls  the  particulates  flattening  upon  impact  it  is 
not  surprising  to  see  the  differences  exhibited  by  the  Vickers  Hardnesses  of  coatings  sprayed  at  40 
kW  with  an  Ar-H2  plasma  jet  (  50  slm  -  15  slm  )  with  different  sizes  and  morphologies  of  the 
particulates  ( see  table  1 ).  It  is  to  be  noticed  that  H  measurements  with  a  5N  load  represent  well  the 
coating  cohesion  depending  strongly  on  the  particulates  flattening  upon  impact.  It  is  worth  to  be 
noticed  that  the  best  results  are  obtamed  with  the  fused  and  crushed  particulates  between  45  and  10 
pm.  the  worst  corresponding  to  agglomaated  particulates  in  the  size  range  -  90  +  45  pm.  The  -106 
+  10  pm  size  range  containing  small  particulates  gives  better  results  than  the  -  90  +  45  pm  one ,  the 
small  particulates,  in  general  well  melted,  contribute  to  the  coating  con^lidation.  The  sintered 
agglomerated  particulates  with  a  lower  heat  propagation  phenomenon  exhibits  values  intermediate 
betw'een  fused  and  agglomerated  particulates. 


3.2  Particulates  Distribution 

The  real  situation  correspond  to  the  injection  of  particulates  having  a  size  distribution, 
eventually  a  shape  distribution  ( in  most  cases  neglected )  and  an  injection  velocity  distribution.  For 
establishing  a  mathematical  model  it  requires  the  repetition  of  the  calculation  for  a  single  particulate 
with  different  initial  states.  Moreover  the  results  must  be  corrected  by  considering  the  coupling 
effect  between  the  particulates  and  the  plasma  jet  which  is  usually  called  the  load  effect  Load  effect 
calculations  have  been  performed  by  Lee  and  Pfoida  /32/  for  an  argon  plasma  jet  and  by  Proulx  et 
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al  733/  for  an  Ar-H2  plasma  jet  which  characteristics  were  measured  at  the  lab  for  a  power  level  of 
29  kW,  In  both  cases  the  calculations  show  that  this  load  effect  modifies  the  plasma  velocity 
distribution  when  the  ratio  m  Vtn°s  is  higher  than  0.25  and  the  plasma  temperature  distribution 
when  it  is  higher  than  0.5. 

The  trajectory  distribution  results  from  the  product  of  the  size  and  injection  velocity 
distributions  /3l/.  With  small  particulates  the  injection  velocity  distribution  is  very  broad  ( between 
0  or  70  m/s  for  alumina  particles  -  21  +  15  pm  in  diameter  729/ )  and  thus  the  resulting  trajectory 
distribution  is  also  rather  broad. 

On  the  contr^  for  bigger  particulates  ( -  90  +  45  pm )  with  a  larger  size  distribution,  the 
injection  velocity  distribution  is  narrower  ( between  1  and  15  m/s  )  resulting  in  almost  the  same 
trajectory  distribution  as  that  obtained  with  the  -  21  +  15  pm  size  distribution.  Fig.  5a  and  b 
illustrates  the  corresponding  velocity  and  mean  surface  temperature  distribution  in  a  plane  75  mm 
downstream  of  the  nozzle  exit  for  the  fused  zirconia  particulates  considered  for  the  hardness 
measurements  depicted  in  section  3.1.  As  expected  from  the  heat  transfer  calculations,  in  spite  of 
their  highest  velocity  the  -45  +  10  pm  particulates  reaches  the  highest  surface  temperature. 
Statistically  the  mean  surface  temperature  of  the  - 106  +  10  pm  particulates  is  between  that  of  the  - 
45  +  10  and  -90  +  45  pm  particulates  ( according  to  the  presence  of  the  small  particulates ). 

To  conclude  it  is  to  be  noticed  that  the  corresponding  particulates  radial  flow  distribution 
forms  the  deposition  strand  when  moving  the  torch  relatively  to  the  substrate.  The  strand  thickness 
will  be  controlled  by  the  particulates  mass  flowrate,  the  deposition  efficiency  ( usually  between  40 
and  60%,  part  of  the  particulates  being  not  molten  enough  to  stick  to  the  surface )  and  the  relative 
torch-substrate  velocity. 


4.  COATING  GENERATION 

All  the  processes  involved  in  coating  generation  will  not  be  described  here  (  for  more  details 
see  72,4,7/  for  example  )  but  only  the  points  which  are  linked  to  thermal  effects  will  be 
emphasized  Although  the  crucial  importance  of  thermal  effects  and  mechanical  exchanges  between 
the  impinging  molten  particulates  and  the  substrate  or  the  previously  deposited  layers  has  been 
stressed  in  a  number  of  theoretical  analyses  72,34,35/  very  few  experimental  data  are  available. 

Two  thermal  Wstories  play  an  important  role: 

-  that  of  individual  particulates  as  they  impact  the  substrate. 

-  that  of  the  strands  and  passes,  these  evolutions  being  of  course  linked  to  the 
particulates  tempaatiires  and  velocities  upon  impact 

When  studying  the  resulting  splats  upon  a  flat  steel  substrate,  Houben  735/  has  shown  the 
strong  influence  of  the  heat  content  compared  to  that  of  the  velocity.  The  well  molten  particulates 
form  imcake  type  with  a  good  central  contact  with  the  substrate  ( and  many  microcracks  relaxing 
queching  stresses ),  while  poorly  molten  ones  form  flower  type  splats  with  a  much  reduced  contact 
area. 


Such  shapes  result  in  very  different  thermomechanical  properties  of  the  coatings,  these  ones 
depending  strongly  on  the  contact  between  the  splats  as  illustrated  for  example  by  the 
measurements  of  Pawlowski  et  al  7367.  Recent  temperature  measurements  of  the  splats  during  their 
impact  and  cooling  737/  have  shown  their  very  rapid  cooling  ( 1500  K  within  6  to  30  ps  according 
to  the  substrate  nature  )  resulting  in  quenching  stresses  in  the  contact  area,  sresses  relaxed  by 
microcracks,  plastic  flow  or  creep  7387. 

When  spraying,  the  strands  ( corresponding  to  the  pilling  up  of  already  solidified  lamellae ) 
are  generated  in  times  concJp^^.•.Ji^ig  about  to  a  few  tens  of  mm/sec  depending  on  the  relative 
velocity  torch-substrate.  They  cool  down  rather  slowly  (  depending  on  their  thickness  )  from 
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blown  at  the  coating  cooling  surface ). 

“S  tafsSlhcTSr.™  oHeT L’SThil  Sfn& 

thickness  and  cooling  also  function  of  the  spraying  distance. 

More  precisely  the  coating  temperature  during  spraying  should  be 
gradients  teS  contraction 

arwell  as  Sen  ^substrate  and  deposit.  Such  stresses  often 
Relaxed  by^cracks  propagation  reduce  drastically  the  adhesion,  cohesion  and  mechanical  properties 
of  the  coatings  /40/. 

It  is  not  clear  at  the  moment,  depending  on  substrate  and  coating  nature,  which  »e  the  best 

mmsmmrn 

temperature  increases. 


CONCLUSION 

Plasma  soraving  is  one  of  the  most  versatile  method  to  apply  a  wide  variety  on 

and  improvment  of  modelling,  plasma  spray  technology  is  emerging  from  art  to  science. 

Thp  roatine  is  formed  particulate  by  particulate,  a  new  one  impacting  on  an  alrrady  solidified 

particulates  and  the  heat  propagation  phenomena  taking  place. 

iiijecting  them'tiirough  the  cathode  thus  improving  their  resioence  time. 
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All  this  is  a  big  challenge  for  the  searchers  for  the  next  decade. 


REFERENCES 


1.  Rykalin  N.N.,  Kudinov  V.V.,  Pure  and  Appl.  Chem..  Vol.  48,  p.  299,  1976. 

2.  Zaat  J.H.,  Ann.  Rev.  Mater.  Sci.  Vol.  13,  p.  9.  1983. 

3.  Apelian  D..  Mat.  Res.  Soc.  Symp.  Proc.  Vol.  30,  p.  91,  1984. 

4.  Thermal  Spraying ,  Practice,  Theory  and  Application,  1985. 

5 .  Technology  forecast,  Advanced  Materials  and  Processes,  Vol .  1 33,  N®  1 ,  p.  8.  1 988. 

6.  D'Angelo  C.,  El  Joundi  H.  Advanced  Materials  and  Processes,  Metal  Progress,  Vol.  12,  p. 
41,  1988. 

7.  Fauchais  P.,  Grimaud  A.,  Vardelle  A.,  Vardelle  M.,  Ann.  Phys.  Fr.  Vol.  14.  p.  261,  1989. 

8.  Fauchais  P.,  Coudert  J.F.,  Vardelle  A..  Vardelle  M..  Grimaud  A.,  Roumilhac  P.,  Nat. 
Proc.  NTSC  87,  Orlando  FI.,  (Pub.)  AIME  p.l  1,  1988. 

9.  Pfender  E.,  Pure  and  Applied  Chemistry,  Vol.  57,  n®9,  p.  1 179. 1985. 

10.  Pfender  E.,  Plasma  Chemistry,  Plasma  Processing,  Vol.  9,  n°l,  p.  1675, 1989. 

1 1.  Delawari  A.H.,  Szekely  J.,  Plasma  Chem.,  Plasma  Processing.  Vol.  7,  n°3,  p.  317, 1987. 

12.  Lee  Y.C.,  Pfender  E.  PLasma  Chemistry,  Plasma  Processing,  Vol.  7,  n°l,  p.l.  1987. 

13.  Chyou  Y.P.,  Pfender  E,  Plasma  Chemistry,  Plasma  Processing,  Vol.  9,  n°l,  p.  291,  1989. 

14.  Fauchais  P.,  Rev.  Int.  Hautes  Temper,  et  Refract.,  Vol.  5,  p.  71,  1968. 

15.  Andrews  C.W.,  Surfacing  Journal  July,  p.  1,  1974. 

16.  Jurewitz  J.  et  al.,  ISPC  7,  Vol.  3,  p.  1,  1974. 

17.  Pfender  E.  Electric  Arc  and  Arc  Gas  Heaters,  in  gaseous  Electronics,  (Ed.)  Hirsh  M.K., 
Oskam  J.J.,  Academic  Press  N.Y.,  Vol.  1,  1978. 

1 8.  Jukov  M.F.,  Experimental  investigations  of  plasmatrons  (in  Russian)  (Pub.)  Nauka, 
Novossibirsk,  URSS,  1977. 

19.  Roumilhac  P.,  Thdse  de  I'Universitd  de  Limoges,  University  of  Limoges,  France.  March 
12ih.  1990. 

21.  Spores  R.,  Pfender  E,  Thermal  Spray  Technology,  Conf.  Proc.  (Pub.)  ASM  International 
p.  85,  1989. 

22.  Brossa  M.,  Pfender  E.,  Plasma  Chemistry,  Plasma  Processing,  Vol.  8.  n®l,  p.  75  ( 1988). 

23.  Bourdin  E,  Fauchais  P.,  Boulos  M.L,  Int.  J.  Heat  Mass  Transfer,  Vol.  26,  p.  567,  1983. 

24.  Joshi  S.V.,  Park  J.Y.,  Taylor  P.R.,  Richardson  L.S..  Int.  J.  Heat  Mass  Transfer.  Vol.  29. 
n®10,p.  1565, 1986. 

25.  Chen  Xi,  Pure  and  Applied  Chemistry  Plasma  Processing,  Vol.  60,  n®5,  p.  1565, 1986. 

26.  Chyou  Y.P.,  Pfender  E,  Plasma  Chemistry  Plasma  Processing,  Vol.  9,  n®l,  p.  45, 1989. 

27.  Vardelle  M.,  Vardelle  A.,  Fauchais  P.,  Boulos  M.,  A.I.Ch.E  Vol.  29,  p.  236,  1983. 

28.  Vardelle  M.,  Vardelle  A.,  Fauchais  P.,  Boulos  M.,  A.LCh.E  Vol.  34,  p.  567.  1988. 

29.  Fauchais  P.,  Vardelle  M.,  Vardelle  A.,  Coudert  J.F.,  Metallurgical  Transactions  Vol.  20  B, 
p.  263,  1989. 

30.  Vardelle  M.,  Vardelle  A.,  Fauchais  P.,  Experimental  determination  of  drag  and  heat  transfer 
coefficients  under  thermal  plasma  conditions,  submitted  to  Plasma  Chemistry  Plasma 
Processing. 

3 1 .  Vardelle  A.,  Th6se  de  doctoral  d'Etat,  University  of  Limoges,  July  1987,  France. 

32.  Lee  Y.C.,  Pfender  E,  PLasma  Chemistry  PLasma  Processing,  Vol.  7,  n®l,  p.l,  1987. 

33.  Proulx  P.,  Mostaghimi  J.,  Boulos  M.,  ISPC  8(ed.)  Prof.  Akashi,  Univ.  of  Tokyo,  Vol.  1, 
p.  13,  1987. 

34.  Me  Pherson  R.,  Thin  Solid  Films,  Vol.  83,  p.  297, 1981. 

35.  Houben  J.M.,  Doctoral  Thesis,  Univ.  of  Eindhoven,  N.L.,  (1988). 

36.  Pawlowski  L.,  Lombard  D.,  Fauchais  P.,  J.  VAc.  Sci.  Technol.,  Vol.  A3.  n°6,  p.  2494. 

1985.  ^ 


-249- 


37. 

38. 

39. 

40. 


TABLE  1 


COLD  BOUNDARY  LAYER  PLASMA  COLUMN 


Fig.l  :  Principle  of  a  spraying  D.C.  plasma  torch 


Moreau  C.,CieloP.,  LamontageM.,  DallaireS.,  VardelleM.,  Impacting  icicle  tempera¬ 
ture  monitoring  during  plasma  spray  deposition,  submitted  to  J.  of  Phys.  E.  Sci.  instrum. 
Howard  S.J. ,  Clyne  T.W.  ,  Interfacial  fracture  toughness  ot  vaccum  plasma  sprayed 

coatings,  Sym.D.,  EMRS  Strasbourg  May  1 ,  c  t 
Gitzhofer  F.,  Bernard  D.,  Fauchais  P.,  Martin  C.,  Boulos  M.,  in  Thermal  Spray  Technolo¬ 
gy,  Conf.  Proc.  ASM  International  p.  27, 1989.  .  ^ 

Hobbs  R.H.,  Reiter  H.,  In  Thermal  Spray,  Advances  in  Coatings  Technology,  Conf.  Proc. 

(Pub.)  ASM  (Int.)  p.  285, 1988. 


-250- 


Fig.  2  :  Isotherms  of  an  Ar-H2  (  30  slm  -  12  slm  )  plasma  jet,  35  kW.  nozzle  diameter  7  mm, 
(a)  radial  plasma  gas  injection  (b)  axial  plasma  injection. 


TEMPERATURE  (K) 


Fig  3. :  Surface  and  center  temperature  of  30  and  60  pm  in  diameter  particulates  (  7.tO'>  +  8% 
Y2O3  wt )  injected  in  an  Ar-H2  plasma  jet :  30  kW,  AriCslm,  H2lSslm.  nozzle  diameter  8  mm. 
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*  CENTRE  60um  agglom. 

-  SURFACE  60um  agglom.  I 

— CENTRE  60um  fused 

SURFACE  60um  fused  I 

Fig.  4  :  Surface  and  center  temperature  of  zirconia  particulates  (  stabilized  with  8%  Y2O3  ) 
fused  and  agglomerated  immersed  in  an  infinite  plasma  at  lOOOOK  ( Ar-H2  20%  vol. ). 
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PLASMA  JET  RADIUS  (mm) 
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PLASMA  JET  RADIUS  (mm) 


Fig.  5:  Velocity  (  a )  and  Surface  temperature  (  b  )  distributions  75  mm  downstream  of  the 

nozzle  exit )  fused  zirconia  particulates  respectively  -45+10,-90  +  45  pm  in  flight  in  an  Ar-H2 
plasma  jet  ( 40  kW.  50  slm  Ar,  15  slm  H2  ). 
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Recent  Advancement  in  Thermal  Barrier  Coatings 


H.  Takeda,  T.  Suzuki,  M.  Ito  and  M.  Nakahashi 


Toshiba  Research  and  Development  Center 
1  Komukai’Toshiba,  Saiwai,  Kawasaki,  210,  JAPAN 


ABSTRACT 

The  authors'  successful  results  on  thermal  barrier  coating  (TBC)  development  programs 
including  a  Japanese  national  project  for  gas  turbine  high  temperature  dynamic  parts  such  as  turbine 
blades,  have  encouraged  the  actual  use  of  TBCs.  The  application  of  TBC  has  yielded  the  high 
efficiency,  high  durability,  and  long  life  of  the  base  metals  of  gas  turbines. 

This  paper  reports  some  remarked  properties  of  TBCs  obtained  in  the  program  and  recent 
research  results  on  advanced  technologies  which  have  improved  TBC  reliability.  The  advanced 
technologies  include  non-destructive  thickness  evaluation  methods  and  laser  treatment  for  obtaining 
a  smooth  and  and-erosion  surface. 

The  thickness  measurement  method  using  an  eddy  current  is  basically  available  to  evaluate  a 
plasma  sprayed  ZiOi  coadng  non-destrucdvely  when  calibration  data  can  be  obtained  for  a  standard 
specimen.  Fluorescent  material  doping  to  a  ceramic  layer  is  effective  for  evaluating  or  indicating 
effective  thickness  of  the  TBC  without  destructive  investigation. 

Controlled  laser  irradiation  to  a  plasma  sprayed  ceramic  layer  of  a  TBC  densifies  the  surface 
portion  resulting  in  a  high  anti-erosion  property. 

INTRODUCTION 

TBC  is  the  most  simple  method  to  obtain  a  high  efficiency  gas  turbine  without  any  system 
design  change.  Only  by  coating  a  thin  ceramic  layer  to  usual  gas  turbine  hot  parts,  it  can  decrease 
the  heat  loss  which  reduces  gas  turbine  efficiency.  However,  TBCs  for  hot  parts  are  laid  under  very 
severe  conditions,  and  their  properties  depend  on  the  applied  techniques  and  materials.  Therefore, 
it  is  important  to  solve  these  problems  to  apply  TBC  for  actual  use. 
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Usually,  a  TBC  consists  of  a  metal  alloy  bond  coat  and  a  ceramic  overcoat,  both  formed  by 
plasma  spraying.  The  plasma  spraying  technique  is  a  very  effective  method  to  apply  a  thick  film 
onto  a  substrate  in  a  very  short  time.  However,  this  rapidness  makes  it  difficult  to  control  the 
uniformity  of  the  coating  layer,  especially  case  of  applying  to  a  complex  surface  configuration,  such 
as  gas  turbine  airfoils. 

The  authors  have  developed  computer  controlled  plasma  spraying  system  for  the  gas  turbine 
airfoil  to  establish  a  uniform  coating  technique,  and  have  evaluated  the  coated  airfoils  in  a  1400°C 
class  gas  turbine  test  facility. 


Besides  coating  uniformity,  TBC  reliability  depends  on  the  material  system.  It  is  necessary  to 
find  optimum  ceramic  and  bond  layers  by  adopting  some  evaluation  method  such  as  a  heat  cycle 
test,  hot  corrosion  test,  oxidation  test  and  so  on. 

Non-destructive  evaluation  of  a  TBC  is  also  important  to  control  and  keep  its  quality  during 
plasma  spraying  or  actual  use.  The  authors  have  developed  new  methods  because  there  have  been 
no  techniques  for  such  purposes. 


An  erosion  problem  will  occur  when  TBC  is  used  in  a  particle  rich  combustion  gas 
environment,  because  of  the  high  porosity  of  a  ceramic  layer.  The  laser  irradiation  technique  has 
been  developed  to  increase  the  anti-erosion  property  by  densifying  the  surface  portion  of  the  ceramic 
layer. 


TBC  SUMMARY 
Principle  of  TBC 

Generally,  the  gas  turbine  operating 
temperature  which  is  closely  related  to  system 
efficiency,  is  dominated  by  the  hot  parts'  metal 
wall  temperature.  Therefore,  lowering  the 
metal  wall  temperature  without  energy  loss  is 
very  important  to  raise  system  efficiency. 
TBC  has  been  developed  for  such  a  puipose. 
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c:  ceramic  layer  m:  metal  layer 
gj^:  combustion  gas  g^.:  cooling  gas 

Fia  1  TRC  effect  Drinciole 


Figure  1  explains  the  TBC  effect.  The  effect  of  TBC  becomes  clear  by  comparing  airfoils  with 
and  without  TBC.  In  Fig.  1,  two  airfoil  models  which  have  air  cooling  systems  are  under  the  same 
condition.  The  left  hand  model  is  for  an  airfoil  with  a  TBC.  In  this  case,  the  heat  from  the  hot  gas 
to  the  cooling  air  through  the  airfoil  metal  wall  is  reduced  by  a  low  thermal  conductivity  ceramic 
layer(that  is,  a  TBC).  This  causes  to  lower  the  metal  wall  temperature  without  changing  other 
thermal  conditions. 


The  effect  of  TBC  depends  on  the  heat  transfer  condition  at  the  airfoil  surface,  the  thermal 
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conductivity  of  the  materials,  and  so  on.  Figures  2  and  3  show  the  calculated  TBC  effect.  In  these 
figures,  the  most  important  point  is  that  a  large  temperature  reduction  is  obtained  by  only  a  two  or 
three  hundred  micron  thick  ceramic  layer. 

It  is  important  to  notice  that  the  TBC  effect  is  obtained  only  in  the  parts  where  a  cooling  system 
is  adopted. 


T.  C.(kcaI/mh°C):  A=1.0,  B=1.5,  C=2.0,  D=2.5 


Fig.  2  Calculated  TBC  effect:  Influence  of  Fig.  3  Calculated  TBC  effect:  Influence  of 
thermal  transfer  coefficient  thermal  conductivity(T.C.)  of  ceramics 

In  both  figures,  thermal  conditions  noted  below  are  common. 

heat  transfer  at  the  surface:  10,000  kcal/m^h°C,  hot  gas  temperature:  1,200  °C,  cooling  gas 
temperature:400  °C,  metal  wall  thickness:2  mm,  bond  metal  layer  thickness:0.1  mm,  T.C.  of  metal 
layen30  kcal/mh°C 

TBC  Materials  and  Formation 

A  TBC  usually  consists  of  two  layers,  a  metal  bond  layer  and  a  ceramic  top  layer.  The  role  of 
the  metal  bond  layer  is  to  combine  the  substrate(hot  parts  metal  wall)  and  the  ceramic  top  layer 
sufficiently  and  to  protect  the  metal  wall  from  oxidation  and  corrosion  at  high  temperature. 
Therefore,  the  metal  layer  materials  are  basically  the  same  as  heat  resistant  material  compositions. 
In  the  early  days  of  TBC  development,  simple  composition  alloys,  such  as  Ni-Al  or  Ni-Cr,  were 
used.  After  recognizing  the  importance  of  a  metal  layer,  MCrAlY(M=Ni,  Co  and  their  alloys)  type 
alloys  have  been  developed  and  have  shown  remarked  properties. 

The  properties  demanded  of  a  ceramic  layer  are  as  follows: 

a.  low  thermal  conductivity— basic  property  for  a  thermal  barrier; 

b.  high  temperature  stability— no  material  change  should  be  accepted,  because  TBC  is  used  at  a  high 
temperature  for  a  long  time; 

c.  high  thermal  expansion  coefficient  close  to  that  of  a  metal— thermal  expansion  coefficient 
mismatch  between  the  ceramic  layer  and  the  metal  wall  causes  thermal  fatigue  damage. 

From  these  reasons,  stabilized  Zt02  has  been  selected  as  the  most  applicable  ceramic  for  TBC. 

These  metal  and  ceramic  layers  are  usually  formed  by  the  plasma  spraying  method.  The 
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plasma  spraying  method  is  a  very  useful  technique  to  form  a  comparatively  thick  coating  in  a  short 
time,  which  is  a  very  important  factor  for  industrial  applications.  Figure  4  shows  a  typical  TBC 
microstructure  formed  by  plasma  spraying.  Some  quantity  of  pores  in  the  ceramic  layer  are 
observed.  These  pores  play  an  important  role  in  TBC.  The  thermal  expansion  coefficient  of  the 
ceramic  layer  is  intended  to  be  close  to  that  of  metals,  as  mentioned  above,  but  it  is  impossible  to 
adjust  it  perfectly.  This  causes  large  a  thermal  stress  for  a  large  temperature  gap  even  when  the 
thermal  expansion  mismatch  is  small.  Under  this  condition,  the  existence  of  pores  decreases  the 
stress  by  its  high  compliance.  However,  the  existence  of  pores  causes  the  degradation  of 
mechanical  properties.  It  is  very  important  to  maintain  optimized  porosity  by  controlling  the  plasma 
spraying  conditions. 


EXPERIMENTAL  AND  RESULTS 

Selection  of  Materials  for  TBC 

Partially  stabilized  ZrOj  satisfies  the 
thermal  properties  demanded  of  TBC. 
Problems  in  the  actual  use  of  TBC  are 
dominated  by  durability  that  depends  on  the 
high  temperature  properties  of  the  metal 
bond  layer.  From  this  point  of  view,  the 
authors  investigated  the  effect  of  the  metal 
bond  layer  composition  on  the  thermal 
fatigue  property  of  the  TBC.  Figure  5 
shows  the  thermal  fatigue  test  result  for 
several  TBC  specimens  with  different 
composition  bond  metal  layers.  The 
thermal  fatigue  test  was  earned  out  by 
inserting  the  specimen  in  two  different 
temperature  furnace  alternately.  The  higher 
temperature  furnace  was  kept  at  11(X)°C 
and  the  lower  one  was  kept  at  28(y’C.  The 
holding  time  in  each  furnace  was  30 
minutes.  In  Fig.  5,  the  superiority  of  the 
MCrAlY  type  bond  metal,  especially 
NiCoCrAlY,  is  shown. 

Automated  Plasma  Spraying  Technology 
Development 

The  authors  developed  a 
microcomputer  controlled  plasma  spray  gun 
actuator  to  apply  TBC  uniformly  to  turbine 
blades  and  vanes  that  have  a  very  intricate 


substrate 

^  0.2  mm 


Fig.  4  TBC  microstructure 


Fig.  5  Effect  of  bond  metal  layer  composition  on 
TBC  thermal  fatigue  test 
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configuration.  There  are  three  major 
factors  in  plasma  spraying  technology  to 
gain  high  performance  coating.  They  are  a 
constant  and  high  speed  scanning  rate, 
constant  distance  from  the  gun  to  the 
substrate,  and  the  rectangularity  of  the 
plasma  flame  and  substrate.  A  high 
response  actuator  can  act  desirable  motion 
by  teaching  these  factors  to  a  computer.  A 
uniform  thick  coated  layer  is  observed  in 
Fig.  6. 

Non-destructive  Coating  Layer  Thickness 
Evaluation 

The  TBC  thickness  distribution 
survey  during  spraying  and  the  remaining 
thickness  investigation  during  actual  usage 
without  damaging  the  coating  are  very 
important  factors  to  maintain  high  quality. 
The  authors  tried  two  different  types  of 
non-destructive  evaluation  methods  and 
obtained  interesting  results.  In  one 
method,  eddy  current  was  used  and 
showed  a  good  relation  between  the  data 
obtained  by  this  method  and  the  data 
obtained  by  destructive  means,  that  is, 
cross-  sectional  microscopic  observation. 
Figure  7  shows  one  experimental  result  for 
this  method.  In  the  other  method, 
fluorescence  technology  was  used.  Doping 
a  small  quantity  of  fluorescence  material  to 
a  TBC  ceramic  layer,  it  irradiates 
fluorescence  light  when  the  layer  is 
irradiated  by  ultra  violet  ray.  When  the 
ceramic  layer  is  designed  to  consist  of 
several  layers  that  contain  a  different  dopiuit 
in  each  layer,  its  thickness  is  easily 
confirmed  using  ultra  violet  ray  without 
desuiiction. 


20  mm 


Fig.  6  Cross-section  of  a  uniform  coated  vane 


Fig.  7  Comparison  of  data  for  two  TBC  thickness 
measurement  method 


Fig.  8  Microstructure  of  laser  surface  treated  TBC 
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High  Temperature  Gas  Turbine  Test  for  TBC  Coated  Blades  and  Vanes 

100  TBC  applied  vanes  and  64  TBC  applied  blades  were  installed  in  a  1400°C  class  test  gas 
turbine  and  their  TBC  effect  and  durability  were  investigated.  An  approximately  40  hour  test  proved 
the  feasibility  and  durability  of  TBC  for  industrial  use. 

Laser  Surface  Consolidation 

Plasma  sprayed  ZrOj  was  irradiated  by  a  laser  beam  to  consolidate  its  surface  to  increase  its 
anti-erosion  property.  A  limited  thick  portion  of  the  layer  was  melted  and  consolidated  at  an 
optimum  condition.  It  should  not  be  consolidated  completely,  to  retain  the  effectiveness  of  porosity 
forward  thermal  stress.  Figure  8  shows  the  controlled  consolidation  of  a  ceramic  layer  obtained  by 
such  an  optimum  irradiation  condition.  The  consolidated  layer  showed  a  good  anti-erosion  property 
the  same  as  sintered  Zr02(see  Fig.  9). 


SUMMARY 

The  recent  advancement  of  TBC  technology  has  been  introduced.  The  authors  have 
recommended  the  application  of  this  technology  to  actual  systems  from  experimental  results.  A 
highly  quality  controlled  TBC  promises  a  high  efficiency  of  the  system,  long  life  of  hot  parts,  and 
so  on. 
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CARBON  FIBRE  COATING  AND  ITS  INFLUENCE  ON  THE  MECHANICAL  BEHAVIOUR 

OF  THE  COMPOSITES 
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Universite  de  LYON-I,  Laboratoire  de  Physicochimie  Mincrale 
(URA  116  du  CNRS)  ,  43  boulevard  du  11  novembre  I918  ,  Bat.  731 
69622  Villeurbanne  (France) 


S.  CARDINAL,  P.  FLEISCHMANN,  P.F.  GOBIN,  P.  MERLE 

INSA  de  LYON,  GEMPPM  (URA  341  du  CNRS),  20  avenue  A.  Einstein 
Bat.  502,  69621  Villeurbanne  (France) 


Summary.  This  paper  concerns  on  one  hand  the  elaboration  and  the 
properties  of  carbon  fibres  coated  with  carbides  by  a  particular 
C.V.D.  and  on  the  other  hand  the  elaboration  by  squeeze-casting 
and  the  mechanical  behaviour  of  Al-matrix  composites  reinforced 
by  these  fibres. 


-259- 


I.  COATING  OF  CARBON  FIMBES  WITH  CARBIDES  BT  R.C.T.D. 


I . 1 .  Aim,  principle  and  advantages  of  R.C.V.D. 

In  the  domain  of  ceramic  and  metallic  matrix  composites,  the 
most  important  drawbacks  of  the  carbon  fibres  are  the  chemical  reactivity 
of  carbon  at  middle  and  high  temperature  with  air  and  metals  such  as 
aluminium  and,  on  the  other  hand,  their  poor  wettability  by  molten  metals. 

Therefore,  it  could  be  interesting  to  coat  each  single  strand 
of  a  carbon  fibre  with  a  thin,  but  adherent  and  uniform  layer  of  materials 
able  to  withstand  the  chemical  action  of  air  or  metals,  to  improve  their 
wettability  and  to  keep  their  high  mechanical  properties. 

We  will  describe  in  the  first  part  of  this  paper  the  process 

for  coating  the  T300  fibres  (ex-PAN,  6K)  which  have  been  embedded  by 

squeeze— casting  in  an  alloyed  aluminium  matrix,  this  coating  consisting  of 

SiC,  B.C  or  Tie. 

4 

This  coating  is  obtained  thanks  to  a  particular  chemical  vapor 
deposition  (CVD)  called  reactive  CVD  (RCVD)  in  which  only  one  element  of 
which  the  carbide  consists  (SiC  for  example)  is  carried  on  by  the  gas  phase 
whereas  the  carbon  is  taken  off  from  the  fibre  itself.  At  a  convenient 
temperature  occurs  the  reaction: 

SiCl^(g)  +  2  H2(g)  +  C(s)  — ►  SiC(s)  +  4  HCl  (l) 

The  reaction  (1)  needs  the  contact  between  the  carbon  substrate  and  the  gas 
phase,  which  provides  the  most  important  advantage  of  RCVD  in  comparison 
with  classical  CVD  consisting  of  the  reaction: 
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(2) 


SiCl^(g)  +  4  2  H^Cg)— ►SiC(s)  +  4  HCl 

As  a  matter  of  fact,  this  classical  reaction  (2)  does  not  make 
it  possible  to  avoid  a  preferentiel  deposition  on  the  peripheral  strands 
with  a  welding  of  these  strands  to  each  other,  because  the  gaseous 
reactants  react  in  the  peripheral  zone  of  the  fibre  and  do  not  have  time  to 
diffuse  into  the  core. 

At  the  contrary,  the  reaction  (l)  is  self~controlled  :  the  gas 
phase  comes  into  contact  with  the  peripheral  strands,  which  induces  the 
formation  on  the  these  strands  of  a  carbide  layer  which  isolates  the 
substrate  from  the  gaseous  reactants.  Then,  the  speed  of  the  reaction  (1) 
decreases  strongly  on  these  strands,  because  its  continuation  involves  the 
diffusion  of  C  or  SiCl^  through  this  layer.  Therefore,  the  remaining 
gaseous  reactants  can  diffuse  into  the  fibre  to  coat  each  strand  as  for  as 
the  core.  This  thickness  of  the  carbide  layer  is  at  last  much  more  uniform 
than  by  classical  CVD  and  it  is  not  necessary  to  work  at  low  pressure  to 
enhance  the  gas  diffusion. 

1.2  Elaboration  of  the  coated  fibres 

The  coating  is  achievied  in  a  pilot  plant  shown  on  figure  1  and 
giving  300  ra  coated  for  each  run.  The  initial  fibre  unrolls  in  the  axis  of 
a  cylindrical  horizontal  quartz  reactor,  between  two  stainlesss  pulleys  set 
in  stainless  chambers.  The  whole  system  is  tight  and  dried  in  vacuo.  The 
heating  is  achieved  by  H.F.  induction  as  well  as  by  Joule  effect  on  the 
fibre  itself  with  two  contacts  on  the  pulleys.  A  gas  distribution  system 
allows  every  possible  composition  of  the  H^-Ar-MCl^  mixture  and  the  gas 
stream  flows  in  the  opposite  direction  with  regard  to  that  of  the  fibre. 

The  thermodynamic  computation  and  the  experimental  study 
allowed  us  to  determine  the  set  of  parameters  (temperature  of  the  fibre, 
composition  of  the  gas  phase,  total  gas  flow,  time  of  contact  between  the 
fibre  and  the  gas  mixture)  giving  an  uniform  coating  of  0.01  to  0.1  micron 
thickness  for  different  carbides  and  different  fibres  (ex-PAN,  ex-PITCH, 
high  tensile  strength  or  high  modulus) 
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For  example,  with  a  T300  (6K)  fibre,  a  B^C  coating  of  average 
thickness  equal  to  0.05  micron  (determined  by  chemical  analysis)  is 
obtained  in  the  following  conditions: 

-  temperature  of  the  fibre  :  1350°C 

-  total  gas  flow  :  75  cm^  per  min 

-  H^/BCI^  molar  ratio  :  1.5 

-  Speed  of  the  fibre  :  24  ^  hour  (time  of  contact:  2  min) 

1,3.  Characteristics  of  the  coated  fibres 

The  uniformity  of  the  coating  is  illustrated  by  the  figure  2, 
showing  the  Si  Ka  X  image  of  SiC  coated  elementary  strands  and  by  the 
figure  3,  showing  partially  oxidized  SiC  coatings  after  burning  the  carbon 
fibre  at  1000°C  in  air. 

The  presence  of  oxygen  (0.1^)  and  nitrogen  {7%)  in  the  initial 
T300  fibre  induces  the  formation  of  oxyde  and  nitride  in  the  carbide  layer, 
the  figure  4  shows  the  XPS  spectrum  of  aSiC  coating  containing  SiO  and  Si02 
and  the  figure  5  shows  the  XPS  spectrum  of  a  B^C  coating  containing  BN. 
This  nitride  is  quite  absent  in  coated  ex-PITCH  fibres. 

The  mechanical  properties  of  the  coated  fibres  have  been 
determined  on  elementary  strands  (  1  =  20  mm,  s  =  0.1  mm. min  ).  The  Young 
modulus  remains  nearly  constant  and  the  tensile  strength  decreases  as  the 
thickness  of  the  coating  increases.  The  figure  6  shows  that  this  decay 
remains  very  slow  up  to  a  thickness  of  0.08  micron  for  B^C  and  0.05  micron 
for  SiC. 

The  resistance  to  oxidation  has  been  tested  by  determining  the 
weight  loss  in  air  a  600°C  as  a  function  of  time.  The  T300  initial  fibre 
has  loss  100^  of  its  weight  after  75  min.  After  2  hours,  this  loss  is  equal 
to  7%  for  a  0.05  micron  SiC  coated  fibre  and  remains  near  0%  with  B^C 
coating  of  the  same  thickness  (figure  7)» 


II.  INFLUENCT  OF  THE  COATING  OH  THE  MECHANICAL  BEHAYIOOR  OF  THE  COMPOSITC 

In  order  to  test  the  efficiency  of  the  coating  for  the  chemical 
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protection  of  the  fibre  during  the  processing  of  the  composite  and  its 
influence  on  the  strength  of  the  interface  between  the  fibre  and  the 
matrix,  acoustic  emission  (A.E.)  during  tensile  tests  correlated  with 
Scanning  Electron  Microscopy  of  the  fractured  composite  were  used. 

II. 1.  Principle  of  the  method 

We  have  used  results  of  a  previous  study  on  the 
characterization  of  the  fibre-matrix  bond  in  a  single  SiC 
filament-aluminium  matrix  composite  | 1 | . 

By  simulating  theoretically  a  tensile  test  by  finite  element 
method  and  by  using  the  Weibull*s  distribution  of  the  fibre  fracture 
stresses  and  a  model  for  load  tranfer  between  the  fibre  and  the  matrix 
(Kelly  model) I 2|,  it  is  possible  to  obtain  the  theoretical  curve  of  the 
cumulated  breaks  number  N  versus  the  tensile  strain  of  the  composite.  That 
corresponds  to  a  reference  curve  for  analysing  experimental  results.  On  the 
other  hand,  measurements  performed  during  a  tensile  test  of  the  single 
filament  composite  leads  to  counting  and  to  the  localization  of  the  fibre 
breaks.  Therefore  the  experimental  curve  for  the  cumulated  breaks  number  as 
a  function  the  measured  tensile  strain  can  be  determined.  Experimental 
results (fig. 8)  show  that  the  same  final  level  (i:e.  the  same  critical 
length  Lp  which  is  the  usual  parameter  which  is  used  to  define  the  fibre 
matrix  bond)  can  be  reached  by  different  ways.  Two  other  parameters  may 
thus  characterize  the  fibre-matrix  bond  : 

the  gap  between  the  first  experimental  break  and  the 
beginning  of  the  calculated  curve.  This  parameter  can  be  connected  with  a 
damage  induced  by  the  processing  of  the  composite. 

-  the  ratio  of  the  experimental  slope  dN/d€to  the  calculated 
one.  A  ratio  having  a  value  very  lower  than  unity  can  be  considered  as 
relevant  from  a  yery  bad  bonding  with  a  very  small  load  transfer  while  a 
value  near  unity  indicates  a  good  load  transfer. 
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n.2.  Application  to  6K  coated  or  non  coated  fibre  composi_^ 

We  studied  the  influence  of  the  coating  on  the  fibre  matrix 
interface,  using  a  6  K  fibre  composite  embedded  in  a  606l  matrix  in  T6 
condition. 


These  composites  were  elaborated  by  the  squeeze  casting 
technique.  The  fibres  used  were  either  non  coated  T300  fibres  or  fibres 
coated  with  SiC,  B  C  or  TiC.  In  this  case,  no  theoretical  approach  of  the 
fibre  rupture  can  be  done.  It  is  however  possible  to  use  the  results  of  the 
theoretical  study  on  the  monofilament  composite  in  order  to  define  some 
experimental  parameters  for  A.E.  measurements  allowing  the  comparison  of 
the  influence  on  the  behaviour  of  the  composite,  of  the  various  coated  or 
non  coated  fibres.  Theses  parameters  are  : 

-  the  initial  strain  at  which  fibre  break  begins,  which 

should  allow  a  comparison  between  the  strength  of  the  various  fibres 

-  the  slope  of  the  A.E.  curve  N  =  f (  €  )  which  can  be  used  to 

compare  the  strength  of  the  interface  between  the  fibre  and  the  matrix. 
This  slope  was  defined  in  our  experiments  by  the  parameter  C  -  €^,  where  € 
is  the  strain  which  corresponds  to  -0,7.  where  is  the  maximum 

number  of  A.E.  events. 

Figure  9  gives  the  huh  e- 

various  sa.ples.  Each  point  of  the  di.gra.  of  this  figure  corresponds  to 

the  6  and  €-6  values  obtained  with  the  same  sample. 

0.0' 

Three  differents  domains  corresponding  to  different  fibres  can 
be  delimited  : 

-  the  domain  corresponding  to  non-coated  carbon  fibres  with  0<€^<0,8^ 

and  6-6  2,5^ 

-  the  domain  corresponding  to  SiC  or  B^C  coated  fibres  with  0  n 

and  <  6  -  €q  <  2.5%  y  ft#  H 

-  the  domain  corresponding  to  TiC  fibres  with  0  6^  ^  0,  ^  an 

N  6  ~  ^  3?5%* 
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This  diagram  shows  an  evident  spread  of  values 

corresponding  to  SiC  or  D.C  coated  fibres  toward  large  e  values.  These 

4  -0 

coatings  seem  thus  to  protect  the  fibre  from  the  degradation  during  the 

processing  of  the  composite,  as  the  mean  6^  values  for  non-coated  fibres 

is  lower. (  It  must  also  be  underlined  that  the  three  lowest  €  values  for 

0 

SiC  or  B^C  coated  fibres  correspond  to  the  same  elaboration  operation  which 
could  thus  not  have  been  done  in  good  conditions). 

On  the  contrary  TiC  coated  fibres  exhibit  €  values  in  the  same 

-  o 

range  as  non-coated  fibres.  Moreover  the  6-6  values  for  these  fibres  are 

0 

significantly  higher  than  for  all  the  other  fibres.  This  would  signify  that 
Tie  coatings  lead  to  a  bad  load  tranfer  between  the  fibre  and  the  matrix. 

The  study  of  the  total  acoustic  emission  level  (figure  10) 

reveals  also  two  kinds  of  behaviour.  The  total  amount  N  of  acoustic 

o 

emission  events  during  a  tensile  tesi:  is  much  more  higher  in  the  case  of 
SiC  or  B^C  coated  fibres  than  in  the  other  cases  (more  than  one  order  of 
magnitude ) . 


Scanning  electron  miscroscope  observation  of  the  fibre  rupture 

(fig  11)  show  tow  different  kinds  of  rupture  :  a  brittle  rupture  in  the 

case  of  non-coated  or  TiC  coated  fibres,  while  the  existence  of  pull-out  is 

observed  in  the  case  of  SiC  or  B^C' coated  fibres. 

4 

Thus  comparing  the  behaviour  of  non-coated  and  of  B^C  or  SiC 
coated  fibres,  the  existence  of  pull  out  may  be  explained  by  the  effective 
protection  of  the  fibres  by  the  carbide  layer  during  the  processing  of  the 
composite,  the  identical  range  of  values,  leading  to  conclude  that 

the  load  transfer  between  the  fibre  and  the  matrix  is  not  significantly 
modified  by  the  presence  of  these  coatings. 

On  the  contrary  in  the  case  of  TiC  coatings,  the  large  6  -  € 
values  indicates  a  bad  load  transfer  between  the  matrix  and  fibres  probably 
due  to  the  high  reactivity  of  TiC  with  the  A1  matrix.  The  fact  that  the 
rupture  of  the  fibres  remain  brittle  as  in  the  case  of  non-coated  fibres 
could  be  explained  by  the  lower  value  of  rupture  strength  of  the  TiC  coated 
fibres  as  shown  by  table  I. 
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coating 

aj^(MPa) 

non-coated 

3150 

3000 

SiC 

3120 

TiC 

1500 

Table  I  ; Rupture  strength  of  coated  or  non  coated  fibres. 

It  must  be  underlined  that  the  differences  in  total  A.E.  level 
can  be  explained  by  the  type  of  rupture  observed.  One  E.A.  event 
corresponds,  in  the  case  of  the  brittle  fracture  observed  for  TiC  coating 
or  non-coated  fibres,  to  the  collective  and  simultaneous  rupture  of  many 
fibres.  On  the  contrary  it  corresponds  to  the  rupture  of  one  single 
filament  or  a  few  filaments,  in  the  case  of  B^C  or  SiC  coatings. 


of  unidirectionnal  composite 


Unidirectionnal  composites  were  realized  by  the  technique  of 
squeeze-casting.  The  volume  fraction  of  the  fibres  was  55%>  The  matrix  was 
a  6061  alloy  in  T6  condition.  Four  points  flexure  tests  were  performed  on 
these  specimens. 

Table  II  gives  the  mean  value  of  the  rupture  strength  obtained 
for  the  various  composites  : 

coating  None  B.C  SiC  TiC 


a^(MPa) 


It  can  be  seen  that  an  effective  improvement  of  the  mechanical 
properties  of  the  material  is  obtained  with  B^C  or  SiC  coated  fibres,  as 
the  rupture  strength  is  in  that  case  approximately  twice  that  obtained  with 
Other  fibres. 
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CONCLUSION 


A  complete  interpretation  of  the  mechanical  behaviour  of  the 
composite  can  only  be  done  by  a  theoretical  analysis  including  the 
Weibull*s  characteristics  of  the  fibres  embedded  in  the  matrix.  It  is 
however  possible  to  draw  from  the  present  experiments  some  qualitative 
conclusion  on  the  influence  of  the  coating.  Our  results  show  that  B^C  and 
SiC  coatings  provide  an  effective  chemical  protection  of  the  fibre  as  well 
against  oxydation  as  during  the  processing  of  the  composite  leading  to 
better  mechanical  properties.  This  seems  not  to  be  the  case  for  TiC 
coatings . 
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1-  carbon  fibre 

2-  gas  inlet 

3-  gas  outlet 

4-  cooler 

5- Quartz  tube 

6- 7-  stainless 
pulleys 


Figure  1  :  Pilot  plan 


Figure  2  :  Si  K(yX  image  on  a  SiC  coated  fibre 


Figure  3  :  SiC  coated  fibre  after  burning  at  lOOQoC  in  air 
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SiC 


Figure  4 


Figure  5 


:  XPS  spectrum  of  SiC  coated  fibre 


:  XPS  spectrum  of  B^C  coated  fibre 
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Figure  6  :  Tensile  strength  of  coated  fibres  as  a  function  of  the  thickness 
of  the  coating  (SiC,  TiC,  B^C) 


temps(h) 


Figure  7  :  Weight  loss  of  the  initial  T300  fibre  and  of  SiC,  B^C  and  TiC 
coated  fibres  in  air  at  600®C  as  a  function  of  the  time 
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Figure  8  : 

Comparison  between 

theoretical  curve  of 
multiple  crack  phenomenon 
(d)  and  experimental  curves 
(a,  b,  c) 


Figure  9  : 

Variation  domain  of  A.E. 

parameters  6  and  6-6  as 
o  0 

a  function  of  the  nature  of 
the  coating. 


Figure  10  : 

Total  acoustic  emission 
level  (two  different 
experiments)  as  a  function 
of  the  nature  of  the 
coating. 
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ABSmCT 

To  improve  the  oxidation  resistance  of  C/C  composites,  the  concept  of  en~ 
vironment  resistant  multi-layer  coating  was  proposed.  The  laser  and  plasma 
hybrid  spray  system  was  developed  for  the  purpose  of  applying  the  coating  which 
permits  C/C  composites  to  be  used  in  an  oxidative  gaseous  condition  at  higher 
temperatures.  This  system  is  coupled  the  high  power  CO2  laser  with  the  low 
pressure  plasma  spraying  equipment.  Using  this  hybrid  method,  the  multi-layer 
coatings  of  WC/MoSi2/Zr02  were  synthesized  on  monolithic  carbons  in  a  prelimi¬ 
nary  experiment.  The  formed  thick  coating  films  were  high  dense  and  stable  at 
2000  ®C  in  inert  atmosphere. 

1*  Introdvcticm 

C/C  composites  are  materials  with  excellent  physical  properties  such  as 
low  density,  high  rigidity,  low  thermal  expansion,  and  high  resistance  to  high 
temperature  and  wear.  Because  of  these  properties,  C/C  composites  are  increas¬ 
ingly  used  in  super  precision  machine  elements  which  require  small  deformation 
under  force  and  heat.  The  excellent  wear  resistance  of  C/C  composites  makes 
the  material  ideal  for  the  production  of  brakes.  This  material  is  also  used  in 
the  production  of  turbine  blades  which  are  subject  to  high  temperatures  in 
service.  To  use  this  material  in  the  production  of  super  precision  machine 
elements,  coatings  must  be  added  to  give  a  flat  surface.  The  desired  process¬ 
ing  is  then  done  on  the  coating.  Furthermore,  the  material  may  not  be  used^at 
temperatures  of  500  ®C  or  above  if  the  atmosphere  causes  oxidizing  effects.  For 
this  reason,  it  is  necessary  to  provide  an  oxidation  resistant  coating  on  the 
surface.  If  the  material  is  to  be  used  in  the  production  of  turbine  blades 
which  are  to  be  operated  in  a  high  temperature  environment,  the  material  must 
be  provided  with  an  erosion  and  corrosion  resistant  coating,  in  addition  to  ar 
oxidation  resistant  and  a  thermally  resistant  coating. 

In  this  paper,  we  present  a  laser  and  plasma  hybrid  spray  system.  The  ac¬ 
tual  coating  formed  on  a  carbon  material  using  this  system  is  also  shown  ir. 
this  paper.  The  system  has  been  developed  for  the  purpose  of  applying  a  coat- 
Ing  which  permits  C/C  composites  to  be  used  in  an  oxidation  gas  atmosphere  a. 
high  temperatures. 

2«  Concept  of  Bavironaent  Resistant  Coating 
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To  improve  the  oxidation  resistance  of  C/C  composites,  we  propose  a  5- 

layer  coating  as  described  below.  ^ 

(1)  Coating  Which  Emphasizes  Adhesion  (1st  Layer; 

^  ^  ^Irbide  generation  temperature  is  high.  This  coating  xs  a  material 

whose  carbidi  generation  speed  is  slow  in  the  temperature  range  of  1500 
to  2000OC.  This  material  must  have  low  thermal  expansion  because  C/C 
composites  have  low  thermal  expansion  (Mo,  W,  WC,  etc.). 

Self-Sacrificing  Oxidation  Resistant  Coating  (2nd  Layer)  ^ 

^  ^  This  material  reacts  with  oxygen  that  has  permeated  through  the 
ISaWng  o"th.  upper  level,  eo  that  orpgeu  vill  net  ke  peseed  te  the 
coating  on  the  lower  level  (MoSi2»  ySi2f  etc.)* 

(3)  Oxygen  Inhibiting  Coating  (3rd  Layer)  hi  oh  temnera- 

Oxides  generally  allow  oxygen  to  permeate  through  them  ^ 

tures  Oxygen  will  reach  this  layer  since  the  fourth  and  fifth  layers 
on  the  higher  level  are  made  of  oxides.  A  self-sacrificing  oxygen  bar- 
ruX  prurldrin  the  eecend  l.,er.  The  third  leihr  U  cojsxdered 
necessary  to  extend  the  life  of  the  second  layer  (Ft,  Ir,  Rh,  etc.). 

(4)  Heat  Resistant  Coating  (4th  Layer)  _ _  -vt-pmal  tem- 

This  coating  will  protect  the  inner  coatings  from  sudden  external  tem 
Sr«u“  Ctonges.  '"'h  ^terl.l  need  Is  a  heat  resistant  oride  ceraaic 
of  a  low  thermal  conductivity  (Zr02,  etc.). 

f5)  Erosion  and  Corrosion  Resistant  Coating  i  o  an 

(5)  „ear  due  to  collisions  with 

operating  environment,  as  well  as  corrosion  due  to  reactive  gas  (Th  2> 
etc.). 

A  conceptual  drawing  is  shown  in  Figure  1.  This  multi-layer  structure  is 

Sws  ?irc~ria“rSi«sy“  “‘if 

fdLfirand^xidation  resistance.  The  second 
Wer  Consists  of  MoSi,  and  other  self-sacrificing  oxidizing  coatings.  The 
third  layer  is  Zr02  an^  other  heat,  erosion  and  corrosion  resistant  coatings, 

’'^"^^Ssinflhis  production  method,  the  selection  of  a  material  for  the  first 
coating  il  considered  the  most  difficult  because  its  reaction  with  carbon, 
thermal  expansion  and  other  factors  must  be  studied  carefully. 

3.  Spraying  System 

Method,  to  coat  C/C  o^ult-  ».d 

out.j.'irss.-trdt  S'dS?rrto  ~ 

iTnr  the  ordinary  low  pressure  plasma  spraying  method,  it  is  difficult 

S  “afhottd." 

““\rtLntrtVpoXV»1  ^?2.a‘=hp“id“  Uius  hied  S 

orlhl  h.  ^  total  with  £ho  spra,  ™tori.l  ‘So 

u*A  -4-  4-Ko  inr^rfACG  The  porosity  is  also  expected  to  improve  Decause  cne 

al'ao  l!*itrd  aud  'dlusoLod.  Flgut.  2  la  a  oonceptoax  draw- 
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ing  and  photograph  of  the  spraying  system, 

4.  EzperiMental  Method 

4.1  Spraying  Method 

Some  basic  experiments  on  multi-layer  coatings  for  improved  environment 
resistance  of  C/C  composites  were  done.  A  laser  and  plasma  hybrid  spray  was 
used  to  and  a  coating  was  formed  on  monolithic  carbon  as  follows: 

(1)  Mo-Base  Coating 

Mo  (coat  1),  Mo-MoSi2  (coat  2),  Mo-MoSi2-PSZ  (Zr02  including  6% 
Y903)(coat  3). 

(2)  W-ffase  Coating 

A  W  or  WC  coat  was  used  instead  of  a  Mo  coat. 

Figure  3  shows  the  dimensions  of  the  spraying  test  piece  used. 

4.1.1  Low  Pressure  Plaswa  Spray 

According  to  a  study  on  the  coating  of  carbon  material  with  a  low  pres¬ 
sure  plasma  spray  (LPPS),  the  base  material  must  be  heated  to  1000  °C  or  above 
to  facilitate  the  formation  of  carbide  in  order  to  improve  Mo  adhesion.  In  our 
experiments,  however,  the  plasma  heating  did  not  result  in  a  temperature  rise 
as  expected,  and  it  was  difficult  to  form  a  sprayed  coating  even  when  the  at¬ 
mospheric  pressure  and  other  spraying  conditions  were  changed  (for  example,  the 
pressure  was  adjusted  between  50  and  300  mm  Hg  in  Ar  atmosphere,  and  the  He 
mixing  ratio  was  increased  in  the  plasma  to  increase  the  plasma  temperature). 

4.1.2  Laser  Beated  Spraying 

Low  pressure  plasma  is  not  suitable  for  producing  a  coating  with  good 
adhesion  because  the  reaction  of  the  base  metal  with  the  spray  material  is 
limited  due  to  insufficient  preheating  of  the  base  metal.  In  addition,  heating 
using  heaters  or  high  frequency  entails  great  difficulties.  By  irradiating  a 
carbon  material  with  a  high  output  carbon  dioxide  gas  laser  (maximum  output 
lOkW),  the  irradiated  face  can  be,  heated  to  above  2000  in  a  few  seconds 
(using  3  kW  of  power  and  a  focus  diameter  of  approximately  5  mm).  Coating  ex¬ 
periments  were  conducted  by  using  laser  heating  and  plasma  spraying  simul¬ 
taneously.  In  this  spraying  method,  the  material  is  heated  by  a  laser  before 
plasma  spray  has  started,  and  heating  is  stopped  as  soon  as  plasma  spraying  has 
started. 

The  material  to  be  sprayed  was  irradiated  and  heated  by  a  laser  while  fed 
at  a  2  mm  pitch  at  a  scanning  speed  of  2000  mm/rain.  The  heating  duration  was  3 
minutes. 

4«1*3  laser  and  Vlaama  Hybrid  Spraying 

In  this  spraying  method ,  laser  irradiation  is  continued  during  plasma 
spraying.  An  improved  porosity  of  coating  is  expected  because  the  material  is 
sufficiently  heated  even  when  plasma  spraying  is  being  done,  and  hence  the 
sprayed  coating  is  melted  again. 

The  spraying  was  done  while  the  plasma  and  the  laser  were  irradiated  and 
the  material  to  be  sprayed  was  fed  at  a  2  mm  pitch  at  a  scanning  speed  of  2000 
mm/min.  The  preheating  with  the  laser  was  done  in  the  same  manner  as  the  laser 
heating  and  spraying.  On  the  multi-layer  coating,  the  second  and  third  coat¬ 
ings  were  formed  using  only  low  pressure  plasma  spraying. 

4.2  Heating  Test 

Heating  tests  were  done  because  a  coating  to  be  used  on  gas  turbine  blades 
must  be  stable  even  at  temperatures  above  1500  ®C.  Since  the  carbon  material 
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used  in  the  tests  was  not  fully  coated,  heating  experiments  at  temperatures  up 
to  2000  °C  were  conducted  in  an  inert  atmosphere  (vacuum  or  Ar  gas). 

5.  Ezperiaental  Results 

5.1  Fil«  Porosity 

The  photograph  in  Figure  4  shows  a  cross-sectional  view  of  a  laser  heated 
and  plasma  irradiated  Mo  coating.  The  spray  conditions  are  given  in  Table  1. 
Figure  5  is  a  photograph  of  a  cross-section  of  a  Mo  coating  which  was  formed 
with  the  laser  and  plasma  hybrid  spray  method.  The  spray  conditions  are  the 
same  as  for  the  laser  heated  spray  (Table  1).  A  comparison  of  Figures  4  and  5 
shows  that  the  hybrid  sprayed  coating  (Figure  5)  has  better  porosity.  Figure  6 
shows  a  cross-sectional  view  of  a  monolithic  carbon  which  was  coated  with  three 
layers  of  Mo-MoSi2-PSZ.  The  photograph  in  Figure  7  shows  the  cross  section  of  a 
coating  consisting  of  two  layers  (W-MoSi2)  formed  on  C/C  composites. 

5.2  Results  of  Heating  Tests 

The  results  of  heating  tests  up  to  2000  °C  in  Ar  atmosphere  or  in  vacuum 
are  summarized  in  Table  2.  Table  2  indicates  that  the  coating  with  WC  used  in 
the  first  layer  is  stable  even  at  high  temperatures.  Table  3  shows  the  change 
in  coating  components  after  tests  (the  coating  was  analyzed  from  above  the  sur¬ 
face  using  X-ray  diffraction).  The  WC  coating  is  coexistent  with  W2C  at  high 
temperatures.  An  inter-layer  diffusion  of  elements  is  also  observed  in  the 
case  of  multi-layer  coating. 

6.  Suamary 

1.  The  formation  of  a  thick  coating  on  carbon  material,  which  has  been  con¬ 
sidered  a  difficult  problem,  is  now  possible  using  laser  and  plasma  hybrid 
spray  method, 

2.  Further  study  is  needed  on  the  selection  of  the  coating  material  which  con¬ 
tacts  the  carbon  directly  and  on  the  stability  of  the  oxygen  barrier  material 
at  high  temperatures. 

3.  The  stability  of  the  coating  at  high  temperatures  must  be  improved  by 
realizing  an  inclined  inter— layer  structure  for  multi-layer  coating. 
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3  Oxygen  barrier  type  oxidation  resistant  coating 
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1  Coating  to  improve  adhesion 


Fig,l.  Conceptual  Diagram  of  Super  Environment-Resistant 
Multi-Layer  Coating 
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Fig. 6.  An  Example  of  Multi-Layer  Coating 

Fig.7.  Cross-Sectional  View  of  W-MoSi2 
Coated  UD-C/C 


TABLE  1.  Spray  Coditions 

TABLE  2. 

Results  of 

High 

Chamber  pressure: 

100  Torr  (Ar) 

Tern perature  T ests 

1000'C 

1500”C 

2000"C 

Spray  gun: 

Plasmadyne  SG-100 

WC 

O 

O 

o 

Arc  gas  (Ar): 

50  psi  (501/min) 

w 

O 

o 

X 

Mo 

O 

o 

Auxiliary  gas  (He): 

0  psi 

MoSi2/W 

X 

X 

Powder  gas  (Ar): 

15  psi  (3.931/niin) 

MoSi2/WC 

X 

X 

Powder  feedrate:  55g/min 

Current :  800A 

Voltage :  33V 

Laser  irradiation 

powder :  3kW 


Q  No  delamination 
X  Delamination  or  crack 


TABLE  3.  Products  Formed  by  Reaction  between  Coating  and 
Base  Material  at  High  Temperatures 


lOOO^C 

1500^C 

2000°C 

WC 

W2C+WC 

W+W2C+WC 

W+W2C 

W2C-^WC 

w 

W 

W 

W 

W+W2C+?(?» 

Mo 

Mo 

Mo 

Mo 

MoSi2/W 

7 

MoSi2(W-t-W2C) 

MoSi2(WCt 

MoSi2/WC 

? 

MoSi2 

MoSi2+'?{WC\ 
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ABSTRACT 

Cohesion  of  a  composite  is  obtained  by  a  good  fitting  between  fibers  and 
resin  but  many  properties  of  such  a  material  do  not  depend  primarily  on  the 
quality  of  this  interface.  For  instance,  stiffness  depends  first  of  all  on 
the  glass  content. 

On  the  contrary,  other  properties  are  strongly  influenced  by  the  perfor¬ 
mances  of  the  interface  or  the  interphase.  This  paper  presents  several  cases 
where  this  kind  of  correlation  exists. 

-  Ageing  :  protection  of  the  fibers'  by  a  coating  strongly  hinders  degradation 
of  standard  mechanical  properties  (shear  or  bending). 

-  Impact  :  with  constant  processing  conditions,  impact  properties  can  be  much 
improved  even  if  static  stiffness  or  strength  are  not  modified.  Examples  with 
reinforced  thermoplastics  and  injected  BMC  will  be  presented. 

-  Toughness  :  toughness  measured  by  crack  propagation  experiments  on  both 
reinforced  thermoplastics  and  uni di recti onnal  thermosets  is  again  very 
dependent  on  the  nature  of  the  interphase. 

-  Transverse  stress  :  this  property  is  of  primary  importance  on  the  global 
behaviour  of  a  structure  and  it  is  very  sensitive  to  the  interface. 

These  examples  show  that  an  improvement  or  an  optimum  can  be  reached  in  many 
specific  properties  even  if  the  basic  properties  of  the  material  are  not 
affected . 
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INTRODUCTION 


A  minimal  level  of  interface  properties  is  required  to  get  a  material  formed 
with  two  or  more  individual  constituents.  When  this  level  is  reached,  the 
basic  composite  properties  depend  on  the  glass  content  :  for  instance, 
stiffness  of  a  unidirectionnal  glass  reinforced  epoxy  increases  linearly  with 
the  volume  ratio  of  glass  ;  this  property  is  more  or  less  independent  of  the 
quality  of  the  interface. 

On  the  contrary,  many,  other  properties  depend  heavily  on  the  nature  of  the 
interface.  In  this  paper,  some  of  these  will  be  reviewed  :  ageing  properties 
in  the  presence  of  water  and  in  severe  conditions  ;  impact  properties  for 
both  thermoplastic  and  thermoset  reinforced  polymers  ;  toughness  and  tran- 
verse  strength.  In  each  case,  examples  are  presented  of  an  improvement  of 
performance  by  a  suitable  choice  of  interface. 

AGEING 

A  good  control  of  the  ageing  properties  of  a  composite  depends  on  the  perfor¬ 
mances  of  the  fibre,  of  the  resin,  and  of  the  interface.  These  behaviours 
have  to  be  studied  in  ambiant  and  severe  conditions.  To  simulate  ageing  in 
ambiant  conditions,  accelerated  ageing  in  hot  water  is  favoured  as  water  seems 
to  be  of  primary  importance  in  this  process.  E  Fiberglasses  and  resin  perform 
less  favourably  while  ageing  (Fig.  1)  and  the  choice  of  a  suitable  resin  is  a 
key  point  ;  epoxy  resin  are  especially  recommended  if  excellent  ageing  proper¬ 
ties  are  required.  But  for  a  given  system  (fibre  +  resin),  the  interface  can 
greatly  modify  the  resistance  to  ageing.  In  table  2,  interlaminar  shear 
strength  of  a  series  of  experimental  unidirectionnal  epoxy  laminates  is  presen¬ 
ted.  Fibre  (nature,  diametre,  yield)  is  constant,  resin  (constituents  and  cure 
cycle)  is  also  constant.  The  only  changes  are  minor  modifications  in  inter¬ 
face  :  great  modifications  result  in  ageing  performances. 
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Ageing  in  severe  conditions  is  another  requirement.  Parts  of  reinforced 
thermoplastics  in  cars  are  for  instance  in  contact  with  antifreeze  liquid  based 
on  glycol.  This  product  is  generally  at  a  high  temperature.  A  study  of  impact 
performance  of  a  range  of  RTP  has  shown  that  a  clear  improvement  in  flexural 
and  impact  properties  is  obtained  with  a  change  in  the  interface  constituents. 

A  new  product  is  under  development  in  our  laboratories.  Fig  3  shows  the  evolu¬ 
tion  of  flexural  strength  for  a  standard  product  and  for  a  new  development 
product  between  0  and  100  hours  in  the  presence  of  a  mixture  of  glycol  and 
water  at  high  temperature. 

IMPACT  BEHAVIOUR 

The  presence  of  glass  fibres  in  a  resin  modifies  its  impact  behaviour  :  Fig  4 
shows  the  Charpy  impact  properties  of  standard  polypropylene  and  polyamide 
against  the  glass  content  in  volume,  but  for  a  given  formulation  the  nature  of 
the  interface  can  change  the  impact  resistance. 

In  an  injected  thermoset  like  ZMC3OO0i  besides  improvements  in  mixing  and 
injection,  a  modification  of  interface  has  increased  filamentarisation  and 
subsequently,  impact  properties  :  at  constant  processing  conditions,  the 
increase  in  impact  resistance  is  over  50  %.  Fig  5  is  a  view  of  these 
products  which  shows  the  visual  differences  with  this  new  product. 

The  large  use  of  glass  reinforced  thermoplastics  in  the  automotive  industry 
also  requires  good  impact  properties  for  this  product.  A  continuous  research 
effort  allows  the  improvement  of  impact  performances  like  Charpy  or  Izod 
energies.  Evolution  of  Charpy  impact  energy  is  summed  up  in  Fig  6  for  a 
polyamide  6-6  30  %  glass  fibre  for  20  years. 

TOUGHNESS 

Toughness  is  a  basic  property  of  any  material.  It  allows  the  understanding  of 
some  of  its  macromechanical  performances.  This  property  is  widely  studied  for 
composites  (1,2,3).  In  using  the  test  studied  by  the  VAMAS  group,  different 
products  have  been  tested  in  mode  I  delamination  growth.  Test  samples  are 
double  cantilever  beams  of  unidirectionnal  reinforced  epoxy  with  a  thin  film 
of  teflon  introduced  as  initiation  crack.  In  an  experiment,  different  samples 
have  been  tested  :  epoxy  resin  system,  manufacturing,  and  cure  cycle  were  kept 
constant.  Only  the  fibre  was  different.  Results  are  expressed  in  R  curve  and 
the  initiation  and  propagation  energies  can  be  observed. 
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Each  curve  is  the  result  of  14  samples  tested  at  different  initiation  lengths. 
On  Fig  7,  results  of  3  products  have  been  plotted.  Product  A  is  a  composite 
with  a  very  weak  interface,  with  no  interactions  between  fibres  and  resin. 
Product  B  is  a  standard  industrial  strand  for  which  mechanical  performances 
are  generally  considered  as  good.  Product  C  is  a  new  product  developed  for 
specific  use  in  epoxy  resin  :  the  interface  is  then  very  strong  ;  it  has  been 
controlled  in  different  tests.  These  major  differences  in  performances  between 
products  are  only  connected  to  interface.  This  result  has  consequences  for  the 
general  behaviour  of  final  products  when  a  part  is  under  stress. 

Results  of  the  same  kind  but  with  smaller  differences  have  been  observed  on 
reinforced  thermoplastics  tested  in  compact  tension  or  notched  bending. 

TRANVERSE  TENSION 

Performances  of  glass  reinforced  resin  in  this  test  are  weak. 

Strain  limit  is  less  than  .5  %  :  first  cracks  appear  generally  in  this  direc¬ 
tion.  It  is  of  primary  importance  to  increase  this  limit. 

Tranverse  tests  are  developed  in  many  laboratories  and  there  is  much  literature 
available  on  this  subject.  PETERS  (4,5)  has  developed  interesting  techniques 
to  measure  the  intrinsic  tranverse  strength  by  the  use  of  a  Wei  bull  statistics. 
More  simple  methods  have  been  used  to  detect  the  tranverse  strength  in  our 
laboratory  :  a  unidirectionnal  laminate  is  shaped  and  tested  on  a  universal 
dynamometer.  Significant  results  are  obtained  on  different  products.  Table  8 
gives  strain  for  the  first  cracks  detected  by  acoustic  emission  and  the 
failure  strain  for  different  strands.  Again  clear  differences  are  noticed 
between  products  with  weak  or  medium  interfaces  and  a  product  with  strong 
adhesion. 
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CONCLUSION 


Interface  can  be  characterized  by  the  adhesion  between  glass  and  resin  and  by 
the  modifications  it  introduce  in  the  physical  nature  of  the  "interphase".  Any 
macroscopical  behaviour  of  a  composite  has  to  be  explained  by  the  properties  of 
its  constituents,  and  by  the  main  aspects  of  the  interface. 

Improvements  in  performance  can  be  obtained  by  a  judicious  choice  of  key 
influencial  factors  :  depending  on  the  performance  required,  there  is  generally 
an  optimum  to  reach  in  each  of  these  properties  ;  this  optimum  has  to  be  the 
result  of  a  compromise. 
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product 

Strain  at  first  damage 

% 

Failure  strain 

% 

A 

0,18 

0.25 

B 

0.36 

0.67 

C 

0.43 

0.97 

T.t,le  8  :  Strain  at  first  iaiage  and  failure  strain  in  tranverse  tension 
See  references  on  figure  7. 
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ABSTRACT: 

Composite  materials  have  advanced  characteristics  which  make  it  possible 
to  design  their  properties.  However,  it  is  difficult  for  product  designers  who 
are  familiar  with  conventional  isotropic  materials  to  utilize  composite 
materials.  A  design  assist  system  that  will  make  it  easier  for  product 
designers  to  use  composite  materials  is  necessary. 

In  this  report,  the  concept  for  a  system  which  assists  the  access  to  the 
composite  materials  database  (IDAM:  Intellectual  Database  Access  Manager)  is 
proposed.  A  pilot  system  based  on  this  concept  and  the  results  of  its  execution 
are  introduced.  The  IDAM  offers  mechanical  properties  of  composites  through  the 
retrieval  of  the  database  or  simulations. 


1.  INTRODUCTION 

In  the  material  engineering  field  many  factual  databases  have  been  de¬ 
veloped.  The  usage  of  factual  databases  in  this  field  has  shifted  from  "knowing 
the  properties  of  materials  to  "utilizing  the,  properties  for  products 
design"')^/.  In  composite  material  engineering  in  Japan,  however,  very  few 
factual  databases  have  been  developed’!,  and  the  purpose  of  these  databases 
remain  "knowing  the  properties  of  materials". 

Composite  materials  have  many  special  characteristics  which  isotropic 
materials  do  not  have.  In  particular,  the  characteristics  which  make  it 
possible  to  design  properties  are  very  useful  for  designing  products.  This 
characteristic,  however,  complicates  the  properties  of  the  materials,  and  also 
makes  it  difficult  for  products  designers  who  are  familiar  with  conventional 
isotropic  materials  to  use  it. 

The  importance  of  composite  materials  for  database  lies  in  the  "designing 
properties  of  materials"  rather  than  "knowing  the  properties  of  materials".  So 
the  database  should  contain  not  only  mechanical  properties  data  as  materials 
but  also  information  for  "designing  properties",  for  example,  properties  of  the 
material  components  (fiber  and  resin),  single  lamina  properties,  ply  orienta¬ 
tions,  etc.  Consequently,  a  composite  materials  database  is  more  complicated 
than  databases  of  other  material,  and  this  makes  it  difficult  to  use  for  those 
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who  have  little  or  no  knowledge  of  composite  materials.  Thus,  a  system  for 
assisting  users  in  accessing  the  database  is  necessary. 

Therefore,  the  authors  have  developed  an  application  system  called  IDAM 
(Intellectual  Database  Access  Manager)  which  offers  information  concerning 
"designing  properties  of  materials"  based  on  the  user  requirements.  The  IDAM's 
functions  are  to  retrieve  experimental  data  of  mechanical  properties  from  the 
factual  database,  and  based  on  user's  demands,  to  simulate  the  properties  of 
materials  whose  constituent  components  are  available  in  the  factual  database. 

In  this  report,  the  concept  of  the  IDAM  and  examples  of  execution  by  the 
prototype  system  based  on  the  concept  are  presented.  The  prototype  system  can 
be  applied  to  simple  laminated  composites. 

2.  THE  CONCEPT  OF  THE  IDAM^) 

The  IDAM  is  a  retrieval  support  tool  for  accessing  a  composite  materials 
database.  The  IDAM  is  a  system  which  presents  the  properties  data  of  various 
composite  materials  by  retrieving  them  from  the  factual  database  or  by 
simulating  mechanical  behavior.  Figure  1  shows  the  configuration  of  the  IDAM. 
The  system  has  four  subsystems. 

(1)  CONTROL  SUBSYSTEM  controls  the  main  process  flow  in  the  IDAM.  It  has  the 
following  functions:  input  of  user*s  demands,  issuing  the  retrieval  command  to 
the  database  and  selecting  the  applicable  fracture  criteria  for  the  simulation. 


(2)  KNOWLEDGE  BASE  is 
the  aggregate  knowledge 
required  for  running  the 
control  subsystem.  In 
the  pilot  system,  it 
contains  the  knowledge 
concerning  the  selection 
of  fibers  and  matrices, 
the  lay  up  angles,  the 
retrieval  commands,  etc. 

(3)  COMPOSITE  MATERIALS 
DATABASE  is  the  factual 
database  containing  the 
properties  of  laminates, 
single  ply,  fibers  and 
matrices.  With  the 
database  management 
system,  it  is  possible  ’ 
to  retrieve  the  data  by 
S0L( Structured  Query 
Language),  the  standard¬ 
ized  language^)  for 
database  access.  By 
using  SQL  for  retrieval 
of  database,  it  make 
possible  to  keep  inde¬ 
pendence  of  the  IDAM 
from  the  database  man¬ 
agement  system. 
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Fig.  1  concept  of  the  IDAM 
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Fig.  2  Program  flow  of  the  I DAM 


(4)  SIMULATING  FRACTURE  STRENGTH  SUBSYSTEM  estimates  the  mechanical  properties 
of  laminates.  In  this  subsystem,  fracture  load  and  delamination  load  are 
calculated  for  the  requested  conditions  using  one  of  the  four  fracture 
criteria  selected  by  the  users. 

3.  PILOT  SYSTEM  REALIZED 

3.1  The  functions  of  the  pilot  system 

In  the  pilot  system,  the  following  functions  are  realized; 

(1)  Experimental  or  estimated  value  of  load  for  fracture  and  delamination 
onset  are  presented  by  retrieval  from  the  factual  database  or  by  simulation 
using  the  data  retrieved. 

(2)  For  the  estimation  of  strength,  four  fracture  criteria®)^)  are  available: 
Wu  tensor  theory,  Tsai-Hill  theory.  Maximum  stress  theory  and  Maximum  strain 
theory. 

(3)  The  user  can  select  one  of  the  three  criteria  (stress,  strain  and 
delamination)  to  evaluate  retrieved  or  simulated  values.  The  results  of  the 
criteria  are  saved  in  a  file  along  with  the  data  relieved  or  simulated  above. 

(4)  The  user  can  change  the  requirements  of  laminates  input  in  first.  Then, 
the  above  operations  can  be  executed  continuously. 

(5)  The  system  contains  some  intellectual  algorithms  to  select  constitution  of 
laminates,  for  example,  fiber,  matrices  and  ply  orientations. 

(6)  User  requirements  can  be  entered  by  key  input  or  by  file  input.  For  the 
case  of  key  input,  users  can  enter  their  requirements  by  responding  inquiry  of 
the  system.  The  system  selects  a  series  of  candidates  of  lay  up  angles,  fibers, 
and  matrices  based  on  use  requirements  using  knowledge  database.  For  the  case 
of  file  input,  all  candidates  should  be  selected  by  users  and  written  in  the 
input  file.  This  process  will  be  explained  in  chapter  4. 

3.2  The  program  flow  „  . 

The  program  flow  of  the  pilot  system  is  shown  in  figure  2.  The  program  is 
written  in  C  language  on  the  UNIX  operating  system.  Inform! x-ESQL/C  is  used  as 
the  database  management  system.  The  data  or  the  coimiands  transfer  between  the 
program  and  the  management  system  is  done  through  the  SQL  language. 

3.3  The  database  files  ,  .  ^  ^  r  i. 

The  data  base  is  composed  of  nine  data  files.  The  detail  contents  of  each 
data  files  are  shown  in  figure  3.  Here.  FRACTURE.DB  and  DELAMI NATION. DB  have 
link  pointers  to  LAMIDSTRUCT.DB,  ANGLESTRUCT. DB,  and  LTHICKSTRUCT. DB  in  order 
to  make  a  relations  between  the  experimental  data  and  information  of  their 
specimen. 

4.  THE  PROGRAM  EXECUTION  ENVIRONMENT  and  TEST  RUN 

4.1  The  environment  for  running  the  program 

The  pilot  system  runs  on  the  EWS(Sun  3/80  made  of  Sun  Micro  Systems  Inc.) 
which  has  16MB  main  memory  and  llOMB  disk  storage  system.  As  the  operating  sys¬ 
tem,  the  UNIX  4.3  BSD  (Sun  OS  V.4.0.3)  is  used  and  the  inform! x-ESQL/C  is  used 
as  the  database  management  system. 
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angle,  db 


field  name 

con lens 

anglebase^id 

anglebase 

anglestrujd 

anglestructure 

tlayer 

ID  of  lay  up  angle  unit 
up  angle  unit 

ID  of  lay  up  angle 
up  angle  from 

Number  of  plies 

lamina.db  fiber.db  matrix.db 


field  name 

m 

lamina  ID 

lamina  name 

HrM 

Fil)er  ID 

Matrix  ID 

vf 

Volume  fraction  ol’  filjer 

pop 

Popularity  grade 

Lxt 

0*  Tensile  strength 

1  xc 

0'  Compressive  strength 

Ut 

90*  Tensile  strength 

1  J'C 

90*  Compressive  strength 

Ls 

Shear  strength 

gc 

Fracture  toughness 

field  name 

contents 

fid 
fname 
fkind-‘> 
f  xt 
f.ol 
f  e3 
f  g28 
f_Pl2 

f.pl3 

Fiber  ID 

Fiber  name 

Fiber  material 

Tensile  strength 
Longitudial  modulus 
Transverse  modulus 
Shear  modulus 
Poisson's  ratio 
Poisson's  ratio 

♦1)  "ILSTKliNanr  or  "H.EUS'rKr 


field  name 

contents 

mid 

mname 

mkind“2> 

m_xt 

D.e 

in_P 

Matrix  ID 

Matrix  name 

Matrix  material 
'fensile  strength 
Yang' s  modulus 
Poisson’s  ratio 

*2)  mY**  or  "EPOXY*  or  "PEEK" 
(Polyester) 


fracture,  db 


delanination.  db 


1  thicks  tnict.  db 


Fig.  3  Detail  contents  of  data  files 


field  name 

contents 

Ithickstru.id 

tl 

tie 

ID  of  thickness  combination 
Thickness  of  1st  ply 

Thickness  of  I 0th  ply 

field  name 

contents 

ID  for  reference  to  lamidstruct.db 

ID  for  reference  to  anglestruct. db 

ID  for  reference  to  Ithickstruct.db 
Number  of  plies 

Delamination  stress 

Delamination  place 

field  name 

contents 

Istr^id 

astr.id 

tstrjd 

tlay 

fLst 

fl-.ex 

fLey 

flJJl 

fm_st 

fm_ex 

fm.-ey 

ID  for  reference  to  lamidstruct.db 

ID  for  reference  to  anglestruct.  db 

ID  for  reference  to  Ithickstruct.db 
Number  of  plies 

1st.  ply  failure  stress 

1st,  ply  failure  strain  [X-dir] 

1st.  ply  failure  strain  [Y-dir] 

1st.  ply  failure  place 

Max.  load  stress 

Max.  load  strain  [X  dir] 

Max.  load  strain  [Y-dirJ 

lamidstruct.  db 


field  name 

contents 

lamidstru  id 
li 

lie 

ID  of  lamina  constitution 
Lamina  ID  of  1st  ply 

Lamina  ID  of  16th  ply 

anglestruct.  db 


fiels  name 

contents 

anglestrujd 

al 

aie 

ID  of  angle  constituion 
Angle  of  1st  ply 

Angle  of  16th  ply 
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4.2  Example  of  execution 

Figures  5  and  6  show  the  results  of  a  test  run  for  the  required 
conditions  data  by  file  input  shown  in  figure  4.  In  this  case,  two  types  of 
composite  candidates  based  on  the  requested  conditions  are  evaluated. 

Figure  5  shows  the  result  for  the  evaluation  of  the  first  selected  candi¬ 
date  (T300/#3601,(0/45/-45/90)2s).  mark  in  the  column  *'REQUESr  row  *'MAX 
LOAD"  means  that  the  evaluation  is  carried  out  based  on  MAX  LOAD  in  this 
example.  The  result  shows  that  the  experimental  data  of  fracture  strength  was 
in  the  database  (the  "Exp"  mark  in  the  column  "CAL_RESULT"  indicates  the  real 
tested  value),  and  its  value  satisfied  the  requested  condition.  The 
delamination  load  was  not  in  the  database,  thus  it  is  estimated  by  simulation 
(the  "Sim"  marks  in  the  column  "CAL__RESULT"  show  simulated  values). 


Figure  6  shows  the  result  for  the  evaluation  of  the  second  candidate 
laminates  (T300/#3620, (0/45/-45/90)2s).  In  the  case  of  this  result,  the  real 
tested  data  of  fracture  strength  for  selected  laminates  was  not  in  the 
database,  therefore  the  fracture  load  value  was  estimated  by  simulation.  The 
delamination  load  .RM  2.6" 

data  is  obtained  from  the  database,  but  the  location  of  the  delamination  is 
obtained  by  simulation  because  this  data  is  not  in  the  database. 


5.  CONCLUDING  REMARKS 

A  concept  for  a  system 
which  assists  users  in  access¬ 
ing  the  database  for  composite 
materials  was  proposed.  The 
system  assists  users  to  take 
suitable  mechanical  properties 
of  composites  through  the 
retrieval  of  the  database  or 
the  simulations  based  on  the 
retrieved  data.  A  pilot  system 
developed  based  on  the  concept 
and  example  of  its  execution 
were  presented. 

At  present,  the  pilot 
system  can  only  be  applied  to 
simple  shaped  composites,  and 
the  simulated  fracture  strength 
value  have  also  not  enough 
accuracy  for  designing 
products.  The  system,  however, 
shows  a  form  of  database  for 
composite  materials  in  the 
future. 
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««  test.dat 

II  ^i^ttm^t**************  Request  condition  »•*»**»****♦*»**»****• 
I  Target  lasinate  thickness  (n)  :2.5 

I  Lasinate  thickness  allowance  (h)  *1.5 

I  Width  (»)  ilO.O 

I  Applied  load  (kgf)  : 10000.0 

#  Max  allowable  strain  iX-dir]  iX)  :1.0 

I  Max  allowable  strain  [Y  dir]  (30  :0.35 

#  Stiffness  ratio  [Ey/Ex]  il.O 

#  Stiffness  ratio  [Ex/Gxy]  :2.0 

#  Design  criteria  :1 

I  Fracture  criteria  *1 

## 

II  «»*»**«*««#»»»»»««*»  Hybrid  inforaatlon  »*»**«»»*♦•«***»*»* 

#  Hybrid  [h]  or  non”hybrid[n]  :n 

## 

II  »***»**»♦♦****»♦#***  Laaina  thickness  ********************** 

I  Latina  thickness  (■)  :0. 125 

II 

II  »*»*«»««««««*««»*  Constitution  of  laiinate  *****»*♦*****♦*♦»♦♦* 

#  Total  condidate  niaber  :1 

## 

II - - <  Candidate  1  > - 

I  Constitution  :0/45/-45/90/0/45/-45/90/90/-45/45/0/90/-45/45/0 

II 

II  »**♦***♦****♦****♦»♦*«»♦  Material  *<#»♦****♦*»»»♦**•*****«»*** 


I  Total  candidate  mitber 
«# 

II  - 

I  Latina  id 
«  Fiber  id 
I  Matrix  id 
I  Latina  nate 

#  Fiber  nate 
I  Matrix  nate 

#  Volute  fraction 
«« 
n 


:2 


■<  Candidate  1  >“ 


1 

1 

i2 

:T300/#3601 

;T300 

13601 

0.6 


-<  Candidate  2  >- 


#  Latina 

#  Fiber 
I  Matrix 
I  Latina 
I  Fiber 
I  Matrix 

#  Voliae  fraction 
## 


id 

id 

id 

nate 

nate 

nate 


:2 

1 

3 

T300/#3620 

T300 

13620 

0.6 


Fig.  4  Input  conditions  of  test  run  by  file 
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Fig.  5  Result  of  test  run  for  No.1  candidate  ''i9-  ^  Result  of  test  run  for  No.2  candidate 
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Data  Format,  Structure 
and 

Transfer 

for 

Material  Databases 


by  Eric  JULLIARD 

Association  Fran^aise  de  Normalisation 
(AFNOR) 

1  -  Introduction 

The  growing  use  of  computer  techniques  need  a  growing  amount  of 
computerized  information. 

The  basic  elements  to  be  taken  into  consideration  to  ensure  a  proper  use  of 
this  information  are : 

the  software  tools  needed  to  generate  the  basic  information  under  a 
computer-readable  form,  tranforming  information  into  'data', 

the  software  applications  to  process  these  data. ' 

1.1  -  generation  of  data 

Two  major  problems  occur  here : 

a  huge  amount  of  information  available  only  under  paper  form, 
which  has  to  be  reconsidered  for  being  properly  computerized  : 

.too  much  paper 

.not  so  well  adapted  to  computerization 

a  number  of  software  tools  already  existing,  used  independently  to 
generate  data  with  specific  data  models  and  data  formats,  which 
are  not  compatible  to  each  other : 

.many  'computerization  islands' 

.no  compatibility 

The  par^ox  is  that,  on  one  hand,  there  is  a  great  lack  of  computerized 
information  ^d,  on  the  other  hand,  there  is  no  consistency  in  the  generation 
of  data,  leading  to  duplication  of  work,  redundancies  and,  finally, 
depreciation  of  the  quality  of  final  data  within  the  information  system. 


from  basic  concepts  defining  ; 

.the  objects  to  describe  in  the  database, 

.the  use  and  processing  of  relating  data. 

A  set  of  specifications  has  been  established  in  1988/1989  within  ^e  French 
standardization  as  a  contribution  to  European  standardization  to  deal  with 
that  problem. 

This  presentation  is  intended  to  present  these  specifications  (Z99  standards). 

2  -  A  neutral  data  model 


2.1  -  basic  requirements 

The  Z99  specifications  have  been  initially  established  to  define  the  working 
methods  and  programming  principles  to  describe,  enter,  store  and  distnbute 
data  relating  to  industrial  components  on  magnetic  media,  under  a  neutral 
digital  form. 


These  data  are  then  to  be  Integrated  in  ali  data  processing  applications  for 
which  they  are  required. 


The  very  first  software  applications  for  which  the  Z99  specifications  have  been 
established  are  Computer  Aided  Design  applications  (CAD  systems). 


However,  experience  showed  that  they  could  be  used  not  only  for  CAD,  but 
also  for  other  applications  involving  similar  description  of  industrial 
components,  such  as  Purchase  or  Maintenance. 


Moreover,  it  has  been  stated  that,  a  component  being  descnbed  through  a 
set  of  characteristics,  the  Z99  description  could  be  used  to  describe,  in  the 
same  manner,  data  relating  to  materials. 


Thus,  a  material  is  considered  as  a  component  and  the  same  kind  of 
description  applies  to  it. 
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2.2  -  basic  concepts 

The  library  defined  within  the  Z99  specifications  is : 

multisectorifll 

the  objects  described  in  the  library  can  belong  to  the  Mecanical  Industry 
(such  as  nuts,  bearings,  steel  bars,etc.),  the  Electronics  Industry  (such  as 
condensators,  electronic  cards,  electrical  motors,  etc.)  or  the  Civil 
Engineering  and  Building  Construction  Industry  (such  as  windows,  sand, 
concrete,  etc.). 

multisource 

the  description  of  the  objects  in  one  given  library  can  come  from  Nationai  or 
International  standards,  industrial  catalogues  or  even  company  standards 

multisupplier 

the  information  relating  to  the  objects  described  in  a  given  library  can  come 
from  various  sources,  such  as  different  vendors,  standardization  institutions,  or 
even  such  or  such  internal  department  of  a  given  company 

multiapplication 

the  library  should  be  able  to  run  on  different  applications,  either  CAD  or  other 
applications 

2.3  -  basic  principles 

The  4  basic  principles  applying  to  data  in  a  Z99  library  are : 
unicity 

one  given  data  relating  to  one  given  object  shall  be  entered  in  the  library 
only  once  by  the  data  supplier  owning  this  data. 

No  specific  rule  is  given  in  Z99  about  the  way  to  do  it,  but  the  storage  data 
structure  allow  such  a  rule  to  be  implemented. 

traceability 

each  data  in  the  library  shall  be  referred  to  the  data  supplier  who  has  entered 
this  data  in  the  library. 

This  is  achieved  by  giving  each  data  supplier  an  identification  number  which 
is  a  prefix  to  all  data. 

This  identification  number  is  delivered  at  a  Company  level  (one  company  = 
one  Identification  number). 

qualily 

each  data  supplier  has  to  define  a  suitable  quality  control  system  to  ensure 
that  the  data  entered  in  the  library  are  in  comformance  with  the  original 
data. 

The  choice  of  the  system  belongs  to  the  data  supplier  himself. 
integrity 

for  each  library  of  a  given  supplier,  a  'signature'  is  generated  from  the 
corresponding  data. 
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The  user  can  check  this  signature  when  he  gets  the  library  from  this  supplier  to 

ensure  that  there  has  been  no  alteration  of  the  data 

2.4  -  the  data  model 

2.4.1  -  the  data  structure  description 

The  main  point  about  the  Z99  model  is  that  the  data  structure  is  described 
independently  of  the  data  themselves. 

The  data  structure  description  only  explains  how  the  data  are  organized. 


Thus,  the  data  and  the  structure  are  independent. 

2.4.1  1  -  object ->  reference  document 

The  object  (component  or  material)  it  is  intended  to  describe  in  the  library  is 
defined  through  the  declination  of  the  characteristics  (parameters)  relating  to 
it  as  they  appear  in  a  reference  document. 

This  document  may  be  a  standard,  an  industrial  catalogue,  or  even  a 
company  standard. 

It  may  be  available  under  a  paper  form,  but  could  be  under  a  digital  form. 

The  main  point  is  that  the  document  in  question  is  the  REFERENCE  document, 
which  means  that  the  only  true  information  is  in  that  specific  document  (or 
file)  and  that  this  document  (or  file)  will  be  used  as  the  only  reference  in  case 
of  problem. 

2.4.1. 2  -  reference  document ->  data  sets 

A  reference  document  is  composed  of  data  sets. 

A  data  set  is  defined  as  a  logical  element,  having  some  coherent  properties, 
in  which  the  characteristics  (parameters)  attached  to  the  described  object 
are  organized  of  a  specific  manner. 

The  kind  of  information  relating  to  the  described  object  depends  on  the  data 
set  type : 


the  parameters  are  organized  in  lines  and  columns,  the  head  of  the  columns 
being  the  names  of  the  parameters,  each  line  being  a  set  of  values 
(numerical  or  other). 

riata  sfit  typ6  !  vi0W  , 

a  Vie^  type  data  set  is  an  extract  or  junction  of  other  data  sets  of  'table' 

type. 

This  is  useful  to  create  a  virtual  table,  which  does  not  exist  physically,  by  joining 
tables  by  a  reference  constraint  using  one  or  more  of  their  pommon 
attributes. 

data  set  type :  image  i  ■ 

the  parameters  are  presented  for  information  in  an  image  (tor  example  in  a 
pixel  file)  as  an  illustration  to  provide  the  user  with  a  visual  help. 
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data  set  type  :  algorithm 

the  value  of  one  parameter  is  calculated  from  values  of  other  parameters 
(stored  In  the  library  or  keyed-in  when  required)  through  an  algorithm. 

data  set  type :  text 

the  parameters  are  located  in  a  text. 

This  text  may  include  a  simple  naming  of  the  parameters  or  even  definitions, 
etc. 

2.4.2  -  the  data 

Each  data  set  comprises  a  number  of  parameters. 

The  way  the  parameters  are  organized  depends  upon  the  data  set  type. 

However,  for  each  data  set  entered  in  the  library,  a  file  or  table  is  created 
containing  the  corresponding  data. 

This  file  or  table  may  be  inside  ou  outside  the  library. 

The  name  of  this  file  or  table  is  the  name  of  the  data  set  as  declared  in  the 
data  structure  description. 

3  -  Neutral  data  format  and  structure 

The  neutral  format  defined  by  the  Z99  specifications  is  based  on  a  relational 
data  model. 

It  is  in  strict  conformance  with  the  ISO  9075  standard  defining  the  SQL  query 
language. 

Many  Database  Management  Systems  (DBMS)  available  on  the  market  are 
conforming  to  this  standard. 

It  is  to  be  noticed  that  the  format  defined  within  Z99  is  a  storage  format,  and 
may  not  necessarily  be  the  final  operation  format,  even  if  this  format  may  be 
suitable  for  some  applications. 

3.1  -  overall  architecture 

All  the  data  within  the  Z99  library  itself  are  stored  in  relational  tables  described 
according  to  ISO  9075. 

There  are  3  kinds  of  tables : 

3.1 .1  -  general  tables 

These  tables  are  used  for : 

.the  data  suppliers  identi^tion  (SI), 

.the  data  suppliers  locatiorts  (SA). 

As  Z99  defines  a  multisupplier  library,  data  from  several  data  suppliers  may  be 
included  in  one  given  library. 


-303- 


The  general  tables  are  used  to  register  the  data  suppliers  whose  data  are  in 
the  library. 

3.1 .2  -  atructure  tables 

These  tables  are  used  by  each  data  supplier  to  : 

.define  a  general  classification  (domains,  or  ■fields'). 

.define,  for  each  field,  ttie  reference  documents  which  are  registered, 
.describe,  for  each  document,  the  data  sets, 

.describe,  for  each  data  set,  the  parameters  concerned. 

.define,  for  each  field,  the  objects  described  in  the  documents, 

.describe,  for  each  object,  the  relevant  parameters, 

.describe,  for  each  object,  the  identifier  of  this  object, 

.describe,  for  each  object,  inheritance  mechanism  if  relevant. 

3.1.3 -data 

3.1 .3.1 -data  tables 

All  the  belonging  to  'table'  type  data  sets  are  stored,  within  the  library 
itself,  in  relational  tables. 

For  each  data  set  of 'table' type,  a  data  table  is  created. 


The  name  of  this  data  table  is  the  name  of  the  data  set  it  refers. 


3.1 .3.2  -  view-definition  tables 


The  data  defined  in  a  'view'  type  data  set  are  described  through  a  relational 
view,  which  specifies  a  combination  or  a  junction  of  existing  data  tables. 


Such  a  relational  view  has  to  be  expressed  within  the  library,  using  the  SQL 
syntax. 

This  is  done  through  a  view-definition  table,  in  which  the  SQL  statement 

‘create  VIEW  as  select... '  is  stored  as  an  ASCII  text. 

The  name  of  the  relational  view  defined  in  this  view-definition  table  is  the 
name  of  the  data  set  it  refers. 


The  name  of  the  view-definition  table  itself  is  the  same  as  the  data  set, 

except  the  first  character,  replaced  by 'V. 

3.1 .3.3 -data  files 

The  data  relating  to  other  data  sets  than  tables  or  views  are  stored  in  external 
files,  using  given  formats. 

So  can  be  stored  : 


.images,  in  pixel  files  using  various  formate, 
.text,  in  text  files  like  ASCII  files, 

.algorithms. 


4  >  Neutral  exchange  format 

It  is  not  sufficient  to  have  a  neutrai  data  model  enabling  the  description  of 
various  models  of  objects  without  having  rules  to  enable  the  exchange  of 
data  relating  to  such  models. 

The  Z99  specifications  define  a  neutral  exchange  format,  so  that  the  data 
structures  and  data  can  be  exported  from  the  Z99  library  to  be  integrated  in 
various  applications. 

All  the  data  are  exported  in  ASCII  or  EBCDIC  files. 

As  the  Z99  specifications  define  a  meta-library,  three  types  of  exchange  files 
can  be  defined : 

4.1  1  -  library  definition  file 

This  file  contains  the  definition  of  the  library. 

This  definition  consists  of  the  list  of  the  tables,  fields  and  formats  defined  within 
the  Z99  specifications. 

The  corresponding  data  are  tabulated  in  the  file  using  the  following  ; 


TABLE_NAME  FIELD.NAME  FIELD_FORMAT 


4.2  -  data  structure  files 

For  each  structure  table  defined  within  the  Z99  specifications,  a  file  is  created, 
containing  the  tabulated  data  describing  the  structure  of  the  data 
themselves. 

As  an  example,  the  file  for  RD  (reference  document  table)  is  the  following  ; 


SCY  SCO  DC  RDDC  LC  RDTI  RDTD  RDTS  RDRL 


4.3  -  data  files 

Depending  upon  the  data  set  types,  the  data  files  are  even  exported  with 
their  own  formats  (in  the  case  of  external  files),  or  as  tabulated  files  (table' 
and  'view'  types  data  sets) . 

When  they  are  exported  as  tabulated  files,  the  same  as  before  applies : 

Data  set  number :  SI  234567 


17  0,6  2  0,8  0,05 
37  0,6  2  0,8  0,05 
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4.4  -  import 

Importing  these  files,  it  is  necessary  to : 

.generate  the  tables  by  interpreting  the  ‘library  definition  file’, 

.fill  the  data  structure  tables  with  the  corresponding  export  files, 

.create  the  data  and  view-definition  tables  from  the  data  structure, 

.fill  the  data  tables  with  the  corresponding  export  files. 

5  -  Conclusion 

A  material  being  considered  as  a  component,  the  description  would  be  the 
following : 

.the  material  is  referred  in  a  reference  document 

.this  material  is  identified  through  a  designation. 

.this  material  has  characteristics  (parameters),  like  dimensions,  physical  or 
chemical  properties,  etc., 

.some  characteristics  may  refer  a  test  method  defined  in  some  other 
reference  document, 

.these  characteristics  have  values, 

.etc. 

Thus,  the  Z99  specifications  enable  a  neutral  description,  storage  and 
exchange  of  the  relevant  data. 
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Z  99-001 

SUPPLIER 

Field 

DOCUMENT 

DATA  SETS 

PARAMETERS 

TECHNOLOGICAL  NODES 
Inheritance 
Identification 
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Country 

Supplier 

Field 
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Country 

Supplier 

Field 


-  DATA  - 

Tables  (3  types) 


Suppliers  tables 


Structures  tables 
Fields 

Document  view 
Object  view 


Data  tables 


-  DATA  - 
Typology 

5  types 


Text  (X) 


Parameters  table  (T) 

I 

Image  (I) 

View  (V) 


Algorithm  (A) 


-312“ 


“314- 


DATA 


DATA  TRANSFER 


'  ^Character*  *  file  form 
(ASCII  or  EBCDIC) 


|-»  T1 

Data  base 

tables  definition  datas 


|-»  T2\ 

Structure  definition 


-»  T3 
Data 
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Tables  definition 


RD.EXP 


DC 

CHAR(3) 

RDDC 

CHAR(9) 

RDDD 

CHAR(8) 

RDDI 

CHAR(80) 

RDDS 

CHAR(6) 

RDRL 

NUMBER ( 1 ) 

SCO 

CHAR(4) 

SCY 

CHAR(2) 

DS 

.EXP 

DS 

DC 

CHARO) 

DS 

DSDR 

CHAR(80) 

DS 

DSSC 

CHARO) 

DS 

DSSD 

CHAR(l) 

DS 

DSST 

CHAR( 1 ) 

DS 

RDDC 

CHARO) 

DS 

SCO 

CHAR(4) 

DS 

SCY 

CHAR(2) 

Neutral  format 
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Structure  tables  data 

RD.DAT 

FR  AOOl  E22  DFA012338  E22315 

19780601  ENR  1 


FR  AOOl  OlA  DFA018315  E25107 

19830601  ENR  1 


FR  AOOl  OlA  DFA030024  E25401 

19830901  ENR  1 


PS. DAT 

S00000143  DFA030024  0100/001 

X  FR  AOOl  OlA 


S00000079  DFA012338  0300/001 

X  FR  AOOl  E22 


S00000080  DFA012338  0400/001 

X  FR  AOOl  E22 


S00000081  DFA012338  0500/002/1 

X  FR  AOOl  E22 


S00000082  DFA012338  0600/002/2 

I  FR  AOOl  E22 


S00000083  DFA012338  0700/003/3.1 
- -  T  FR  AOOl  E22 
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Structure  tables  data 


Links  table 


S00000083  P00330000  d 


IX  FR  AOOl  E22  iran 

NUMBER(5,2)  2 


S00000083  P004 10000  D 


FR  AOOl  E22  mm 
NUMBER(5,2)  3 


S00000083  P00850000  B 


FR  AOOl  E22  mm 
NUMBER(3,1)  4 


S00000083  P00360002  rsmin 


FR  AOOl  E22  mm 
NUMBER(5,2)  5 


S00000083  P00380000  Sdrie  IX 


FR  AOOl  E22 
CHAR(5) 


1 


Neutral  format 
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30000083, DAT 


17 

2 

0,8 

0,05 

37 

0,6 

2 

0,8 

0,05 

17 

1 

2,5 

1 

0,05 

37 

1 

2,5 

1 

0,05 

17 

1,5 

3 

1 

0,05 

37 

1,5 

3 

1,8 

0,05 

17 

2 

4 

1,2 

0,05 

37 

2 

4 

2 

0,05 

17 

2,5 

5 

1,5 

0,08 

37 

2,5 

5 

2,3 

0,08 

17 

3 

6 

2 

0,08 

37 

3 

6 

3 

0,08 

17 

4 

7 

2 

0,08 

37 

4 

7 

3 

0,08 

17 

5 

8 

2 

0,08 

37 

5 

8 

3 

0,08 

17 

6 

10 

2,5 

0,1 

37 

6 

10 

3,5 

0,1 

17 

7 

11 

2,5 

0,1 

37 

7 

11 

3,5 

0,1 

17 

8 

12 

2,5 

0,1 

37 

8 

12 

3,5 

0,1 

17 

9 

14 

3 

0,1 

37 

9 

14 

4,5 

0,1 

17 

10 

15 

3 

0,1 

37 

10 

15 

4,5 

0,1 
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ABSTRACT 

Fatigue  strength  design  not  only  requires  advanced  technology  but  also  necessitates  broad 
scope  of  expertise  in  the  relationship  of  fatigue  data  and  analysis  area  with  products,  etc.  The 
objective  of  this  system  is  to  use  computer  and  support  the  process  of  fatigue  strength  design  of 
structure.  The  area  of  design  to  be  supported  by  this  system  includes:  high  cycle  fatigue  design, 
low  cycle  fatigue  design,  crack  growth  analysis  and  fatigue  design  for  welded  joint.  This  paper 
describes  the  design  concept  and  capabilities  of  this  system. 

1.  INTRODUCTION 

Functions  computer  system  should  have  for  supporting  mechanical  engineer  in  his  design  work 
would  be  summarized  as  follows: 

1)  CAD/CAM  system 

2)  Simulation  of  mechanical  behavior 

3)  Database  system  for  mechanical  design 

Among  these  three,  a  number  of  systems  have  been  developed  for  1)  and  2),  and  we  can  find 
excellent  ones  on  the  market.  But  concerning  3),  there  has  been  so  far  developed  few  systems 
which  fit  for  use. 

To  see  the  application  fields  of  mechanical  design  support  system,  on  the  other  hand,  they  are 
structural  static  characteristics  and  structural  dynamic  characteristics.  The  applications  have 
proven  to  be  successful,  but  systems  which  can  support  fatigue  strength  design  of  mechanical 
structure  is  still  very  few. 

Fatigue  strength  design  not  only  requires  advanced  technology  but  also  necessitates  expertise 
in  broad  range.  Consequently,  most  mechanical  engineers  have  carried  out  a  rough  design  about 
fatigue  strength  and  supplemented  it  with  the  enough  allowance  for  safety  rate  or  left  the  strength 
design  to  the  so-called  ’strength  specialist’. 
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Under  these  circumstances,  a  system  has  been  developed  for  helping  design  work  by 
combining  fatigue  strength  database  and  the  expertise  in  strength  design.  The  overview  and  design 
concept  of  the  system  are  described  as  follows. 

2.  OVERVIEW  OF  THE  SYSTEM 

The  system  has  the  following  capabilities  to  support  design  work  of  which  process  requires 
consideration  of  fatigue  characteristics. 

2.1  Database  Retrieval  Function 

This  is  the  function  to  figure  out  fatigue  limit,  fatigue  strength  at  N  cycles,  etc.  through  S-N 
curve  based  on  the  database  of  the  experimental  data  of  materials.  The  database  is  further  broken 
down  into  three  databases,  ie.,  database  on  fatigue  strength  of  metallic  material  and  database  on 
fatigue  crack  growth  rates  of  metallic  material,  both  developed  by  the  Society  of  Materials 
Science,  Japan  (JSMS),  and  database  on  low  cycle  fatigue  strength  of  metallic  material,  which  was 
develop^  at  our  institute.  The  last  one  was  developed  with  particular  reference  to  the  "JSME 
Data  Book:  Fatigue  of  Metals  IV,  Low  Cycle  Fatigue  Strength"  of  the  Japan  Society  of 
Mechanical  Engineers  (JSME),  and  designed  to  the  maximum  possible  extent  to  be  equivalent  to 
the  basic  data  format  of  the  databases  of  JSMS. 

The  following  updates  are  made  on  the  version  2  of  the  system: 

•  Information  in  the  data  sheet  of  National  Research  Institute  for  Metals  (NRIM)  is  added 
to  make  fact  data  more  substantial. 

•  Number  of  retrievals  and  numerical  range  is  tabulated  by  retrieval  item  to  make 
re-retrieval  more  efficient. 

•  The  function  to  register  the  coefficient  of  S-N  curve  is  added  for  materials  frequently 
used. 

Figures  1  and  2  represent  database  retrieval  menu  and  display  of  retrieval  results. 

Mathematical  model  for  S-N  curve.  The  following  2  methods  are  adopted  as  mathematical 
model  for  S-N  curve,  following  the  proposition  by  Nishijima,  et  al. 

ni  By-linear  curve  (applied  to  materials  of  which  fatigue  limit  is  existent).  To  decide  the 
straight  line  of  ramp  by  principal  component  analysis  method  first,  and  then,  using  the  estimated 
standard  deviation  of  fatigue  strength  obtained  as  a  result,  to  decide  the  height  of  the  horizontal 
straight  line  by  probit  analysis.  The  formula  of  S-N  curve  is  thus  given  as  follows: 

Y=(A/2){|X-Dj-(X-D)}+E  (1) 

In  short,  S-N  data  is  summarized  as  the  three  parameters,  ie.,  slope  of  ramp,  crimp  point  D, 
and  the  height  of  horizontal  line  E. 

(2)  Application  to  the  materials  of  which  fatigue  limit  is  not  existent.  The  probit  analysis 
using  weighing  coefficients  is  adopted  with  the  assumption  that  dispersion  is  not  dependent  on 
number  of  cycles,  but  it  appears  as  normal  distribution.  Average  S-N  characteristic  and  dispersion 
level  are  statistically  estimated,  and  skew  hyperbola  with  sloped  straight  line  and  horizontal  line 
as  asymptote  is  adopted  as  a  mathematical  model  for  S-N  curve  in  this  case. 
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(Y-E)(Y+AX-D)=C  (2) 

2.2  Fatigue  Stren2th  Design/ Analvsis/Evaluation  Function 

Basic  function  for  fatigue  strength  design/analysis  and  materials  to  be  designed/analyzed  by 
this  system  are  shown  in  Figure  3.  Materials  to  be  designed  and  analyzed  are  observed  in  three 
aspects,  ie.,  structure,  material,  and  external  force.  In  other  words,  in  terms  of  structure,  a 
materitd  is  observed  if  it  has  a  simple  shape  with  well-defined  stress  distribution  pattern  or  not, 
in  terms  of  material,  if  it  has  well-defined  fatigue  limit  like  steel  or  not,  and  in  terms  of  external 
force,  if  its  external  force  is  constant  load  or  variable  load.  Materials  are  observed  in  the 
combination  of  these  aspects  in  design  and  analysis. 

2.3  Expert  System 

Fatigue  strength  design  is  a  field  not  theoretically  well  organized  yet.  In  such  field,  know¬ 
how  and  expertise  are  regarded  as  more  important.  For  example,  there  are  certainly  a  number  df 
methods  to  describe  the  process  of  crack  growth,  but  the  most  important  thing  is  how  we  use  these 
methods  properly  according  to  the  characteristics  and  shape  of  material.  This  system  has 
succeeded  in  representing  these  know-hows  and  expertise  as  production  rule  so  that  the  optimal 
design/analysis  will  be  easily  done.  Nine  knowledge  bases  are  available  for  inference  now. 

2.4  User  Interface  and  Structure  of  the  System 

As  aforementioned,  this  system  has  three  different  functions.  However,  in  the  process  of 
actual  fatigue  design,  we  not  only  use  fatigue  experimental  data,  but  also  requires  various 
analytical  algorithms  and  expertise  in  all.  In  order  to  effectively  use  the  capabilities  of  the  system 
under  this  circumstance,  and  to  assist  user  with  the  information  appropriate  for  his  level  and 
purpose,  the  system  operates  on  UNIX-based  engineering  workstation,  using  multi-window. 

To  realize  the  easy  use  of  users,  the  display  of  the  system  is  divided  into  two  phases  and  five 
types  and  each  division  is  allocated  to  a  certain  function.  The  emphasis  is  also  put  on  the 
modularization  to  enhance  productivity.  The  outline  of  the  structure  of  the  system  is  shown  in 
Figure  3. 

3.  ENDING  REMARKS 

The  objective  of  this  system  is  to  assist  mechanical  engineer  in  fatigue  strength  design  of 
mechanical  structure  so  that  he  can  select  optimal  material.  The  system  offers  various  capabilities, 
but  there  still  remain  problems.  Some  of  the  problems  are  as  follows: 

1)  Strengthening  database.  To  increase  fact  data  by  adding  public  data  of  welded  joint, 
creep,  etc. 

2)  Improvement  of  user  interface.  To  make  user  interface  more  interactive  and  responsive, 
figures  and  icon  should  be  used  as  a  control.  The  database  registration  process  should 
be  interactive. 

We  are  working  on  these  problems  to  make  the  system  better. 
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Figure  1.  Sample  Database  Retrieval  Menu 
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Figure  2.  Sample  Display  of  Database  Retrieval  Results 


Figure  3.  Basic  Capabilities  of  This  System 
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ABSTRACT 

A  comprehensive  database  for  materials  strength  of  engineering  steels  and 
alloys  has  been  developed  under  a  joint  research  between  NRIM  and  JICST.  The 
nucleus  data  was  taken  from  NRIM’s  Creep  and  Fatigue  Data  Sheet  Program.  The 
user  via  public  telephone  network  can  issue  query  commands  to  search  tensile, 
creep  and  fatigue  data  of  60+  steel  and  alloys.  The  retrieved  data  can  be 
statistically  analyzed,  and  the  regression  curves  together  with  the  raw  data 
plots  are  output  on  the  user's  graphic  display.  Six  types  of  graphs  corre¬ 
sponding  tensile,  creep-rupture,  high-cycle  fatigue,  low-cycle  fatigue, 
fatigue  crack  growth  and  cyclic  stress-strain  diagrams  are  available.  The 
database  has  been  put  into  the  public  on-line  service  of  JICST’ s  JOIS-F  since 
March  1990. 

INTRODUCTION 

With  the  development  of  computer  technology,  a  number  of  materials  data¬ 
bases  have  been  built  in  many  countries.  Particularly  databases  for  metallic 
materials  are  flourlshlngll-3l .  The  materials  database  is  regarded  as  one  of 
key  technologies  for  the  advanced  CAD/CAM/CAE  applications.  It  also  has  become 
of  major  interest  for  the  search  of  new  materials.  The  NRIM  has  conducted 
comprehensive  testing  programs  of  creep  and  fatigue;  NRIM  Creep  Data  Sheet 
(CDS)  and  Fatigue  Data  Sheet  (FDS).  The  JICST  has  been  responsible  for  the 
public  on-line  service  of  factual  database  for  science  and  technology.  In  view 
of  this  situation.  NRIM  and  JICST  signed  for  the  collaboration  to  develop  a 
materials  database  for  engineering  steel  and  alloys.  This  paper  describes  the 
metadata,  query  commands,  report  formats,  and  the  data  analysis  of  database. 
The  database  operates  on  a  mainframe  computer  in  JICST,  and  has  accessibility 
through  the  public  telephone  network  in  Japan.  The  database  management  system 
used  is  ADABAS. 

DATA  SOURCE 

The  nucleus  data  collected  for  the  database  is  NRIM  Creep  and  Fatigue  Data 
Sheets,  which  has  been  obtained  by  the  long-term  testing  program  at  NRIM  and 
published  so  far  as  the  NRIM  Creep  and  Fatigue  Data  Sheet  series.  The  NRIM 
data  contains  3,000  test  points  for  elevated-temperature  tensile,  9,000  test 
points  for  creep-rupture  (accumulated  rupture  times  is  1.2X10  h),  and  35,000 
test  points  for  high-cycle  fatigue  (accumulated  cycles  to  failure  is  5X10  ) 

for  more  than  60  steels  and  alloys.  It  also  includes  about  100  data  points 
ruptured  beyond  lOO.OOOh. 
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METADATA 


Prior  to  the  system  design  of  the  database,  we  conducted  a  survey  for  the 
potential  users.  With  regards  to  the  purpose  of  materials  strength  database, 
the  following  four  areas  were  Identified: 

1)  Design  analysis  of  structural  components 

2)  New  materials  development 

3)  Residual  life  prediction 

4)  Strength  analysis  to  comply  with  the  rule 

It  was  considered  that  a  comprehensive  metadata  is  needed  in  order  to 
cover  the  user  needs.  As  listed  in  Table  1,  more  than  200  record  items  were 
chosen  for  the  metadata.  The  quantity  of  test  data  is  summarized  in  Table  2. 


Table  1.  Sunary  of  Metadata 


Category 

No.  of 
Items 

Example  of  Record  Items 

Material 

Source 

72 

Standard  Code,  Material  Name,  melting  Process,  Depxidation 
Product  Form,  Nonmetalllc  Inclusion,  Chemical  Comiiosition, 
Room  Temp.  Strength,  Data  Source,  Year,.., etc. 

Welding 

23 

Welding  Method,  Welding  Position,  Reinforcement, 

Joint  Shape,  Groove  Design,  PWHT,  ..,etc. 

Tensile 

20 

Machine  Type,  Specimen  Sampling,  Specimen  Shape.  Environment, 
Test  Temp.,  Strain  Rate,  Yield  Strength,  Tensile  Strength, 
Elongation,  Reduction  of  Area, .. ..etc. 

Creep 

24 

Machine  Type,  Specimen  Sampling,  Environment,  Test  Temp., 
Stress,  Time  to  Rupture,  Rupture  Elongation, . ...etc. 

Fatigue 

65 

Test  Type,  Machine  Type, Specimen  Sampling,  Specimen  Shape, 
Stress  Concentration  Factor.  Test  Environment,  Test  Temp., 
Stress  Ratio,  Stress  Amplitude,  No.  of  Cycles  to  Failure, 
Strain  Wave  Form,  Strain  Amplitude,  Crack  Length, 

Crack  Growth  Rate,  Stress  Intensity  Factor,..., etc. 

Table  2.  Sunaiy  of  Data  Size 


Test  Mode 

No.  of 
Heats 

No.  of  Data 
Sets 

No.  of  Data 
Points 

Tensile 

274 

274 

2,712 

Creep-Rupture 

273 

273 

5,722 

Hlgh-Cycle  Fatigue 

524 

964 

16,223 

Low-Cycle  Fatigue 

37 

81 

466 

Fatigue  Crack  Growth 

37 

48 

4,399 

Cyclic  Stress-Strain 

34 

102 

1,247 

Total 

1,179 

1,742 

30.769 
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QUERY  C0II||IUND6[4] 

A  wide  variety  of  query  commands  is  available.  The  query  allows  flexible 
commands  such  as  the  right-truncated  as  well  as  full-spell  search,  range 
search.  The  logical  operations  adds  further  flexibility  to  the  query  com¬ 
mands.  For  the  user  friendliness  the  history  and  help  are  provided.  Tagged 
keywords  are  provided  for  the  search  of  processing  and  testing  conditions. 

DATA  ANALYSIS 

On-line  data  analysis  is  available  for  the  following  6  materials 
property  data. 

1)  Elevated-temperature  tensile  strength: 

Polynomial  regression  of  temperature  for  logarithmic  strength 
log(St)  =  A0+AiTtA2T2t...+A|jT'*  (k  <=5) 

where  St  =  yield  strength  or  ultimate  tensile  strength  (MPa), 

T  =  temperature  (deg  C) 

2)  Creep-rupture  times: 

Manson-Haferd  parameter  method  with  optimized  parameter  constants. 

log(tR)  =  (Tk-Bi)(A0+AiX+A2x2*,..+Ai4X*‘>  ♦  B2  (k  <=  5) 

where  tR  =  time  to  rupture  (h),  Tk  *  temperature  (K),  X  *  log(S), 

S  =  stress  (MPa),  others  (B|  ,B2,Aq,Aj^,A2,  . . .  ,A|j)  are  determined  to 
produce  smallest  sum  of  residuals . 

3)  High-cycle  fatigue  life: 

Bilinear  (simultaneous)  regression  analysis. 
log(Sa)  =  (A/2){|log(Nf)-Dl-(log(Nf)-D)}  ♦  E 

where  Sa  =  stress  amplitude  (MPa),  Nf  =  number  of  cycles  to  failure, 

E  =  log(Sw),  A  =  -MO  (slope),  D  =  log(Nw),  Sw  =  endurance  limit  (MPa), 

Nw  =  minimum  Nf  at  Sw. 

4)  Low-cycle  fatigue  life: 

log(Ee)  »  Ke*log(Nf)+log(Ce),  log(Ep)  =  Kp*log(Nf )+log(Cp) ,  E  =  Ee  +  Ep 

where  Ee=  elastic  strain  (»),  Nf  =  number  of  cycles  to  failure, 

Ep  =  plastic  strain  (\),  and  Ee  and  Ep  are  constants. 

5)  Fatigue  crack  growth  rate: 

Log-log  linear  and  asymptotic  to  delta-K  threshold  by  weighting. 

(dA/dN)  =  C0*(DI^®  -DKth”®) 
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where  dA/dN  =  fatigue  crack  growth  rate  (m/cycle),  DK  =  range  of  stress 
intensity  factor,  DKth  =  threshold  of  DK,  and  CO  and  MO  are  constants. 

6)  Cyclic  stress-strain  curve: 

log(St)  =  Mp*log(Ep)  +  log(Cp),  log(St)  =  Mt*log(Et)  ♦  log(Ct) 

where  St  =  stress  (MPa),  Ep  =  plastic  strain  range  {%) , 
and  Et  =  total  strain  range  {%). 

It  should  be  noted  here  that  only  one  aodel  for  each  property  was  implemented 
for  first  phase  of  system  design.  The  evaluation  models  were  chosen  on  the 
basis  of  the  experience  in  NRIM[5]. 

GRAPHICS 

The  system  can  send  graphical  image  data  to  the  user  terminal.  A  terminal 
with  Tektronix  401X  graphics  emulator  is  required  to  draw  diagrams  on  the 
display.  The  retrieved  data  can  be  plotted  with  or  without  the  regression 
curves.  A  special  command  (¥FIT)  is  used  to  invoke  the  data  evaluation  module. 
Figures  1-4  are  typical  examples  of  data  analysis. 
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Fig.l.  Example  of  data  evaluation  of  tensile  strength  for  SUS304H  steel. 
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Fig. 4.  Example  of  data  evaluation  of  fatigue  crack  growth  of  a  low 
alloy  steel. 


FUTURE  DEVELOPMENT 

Improvements  must  be  made  on  many  points.  The  update  of  raw  data  will  be 
made  at  least  annually.  In  addition  to  the  NRIM  data,  the  existing  data  from 
SMSJ  (Society  of  Materials  Science.  Japan)  and  ISIJ  (Iron  and  Steel  Institute 
of  Japan)  are  planned  to  include.  Additional  data  evaluation  methods  are 
needed  to  meet  more  advanced  demands.  The  user  interface  should  be  improved 
for  better  user  friendliness.  The  command  language  is  not  so  easy  to  learn. 
Currently  very  limited  menu  is  available  in  the  current  version.  The  policy 
of  down-load  up-load  has  not  been  fixed. 

CONCLUSION 

This  paper  has  outlined  major  functions  that  NRIM/JICST  Database  for 
Engineering  Steels  and  Alloys  (ENSTAL),  which  is  the  first  materials  database 
available  to  Japanese  public.  Finally,  suggestions  have  been  made  for  the 
future  improvement . 
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CERTIFIED  REFERENCE  MATERIALS  (CRMs) 

AN  INTERNATIONAL  DATA  BANK 

COMAR 

JP.  CALISTE  -  LABORATOIRE  NATIONAL  D'ESSAIS,  PARIS,  FRANCE 


ABSTRACT 


The  analytical  quality  management,  the  establishment  of 
valided  methods  according  to  the  traceability  and 
performance  testing,  and  on  another  hand  the  existence  of 
more  than  100  producers  of  CRMs  in  the  world  offering  10.000 
CRMs,  are  the  bases  of  the  necessity  of  the  setting  up  of  an 
international  Data  bank. 


Starting  from  the  analytical  activity  needs  LNE  (FRANCE)  has 
defined  a  general  code  for  indexation,  developed  the 
associated  programs  and  established  an  international 
cooperation  beetween  JAPAN-IIII,  USA-NIST,  UK-L6C,  FRG-BAM, 
USSR-VNIIMSO,  CHINA-SRMC. 
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Analytical  chemistry  is  one  of  the  foundations  of  modern 
soc  ety.  It  underpins  the  work  of  government,  commerce  and 
industry  and  is  vital  for  the  enforcement  of  low,  the 

environment  and  the  manufacture  of  quality  products. 

IT  HAS  BEEN  ESTIMATED  THAT  ABOUT  5  %  OF  THE  GROSS  NATIONAL 
PRODUCT  OF  DEVELOPED  CONTRIES  IS  DEVOTED  TO  CHEMICAL 
MEASUREMENTS. 

For  measurements  to  be  effective  they  must  be  »;eliable  and 
widely  accepted.  The  demands  being  placed  c'’ 
are  increasing  both  in  terms  of  the  technical  difficulty  and 
concern  for  factors  such  as  cost  and  quality. 

The  absence  of  reference  materials  use  often  leads  to 
calibratron  difficulties  and  large  measurement 
uncertainties.  The  resultant  inaccuracy  has  financial  and 
time  penalties  together  with  inadequate  support  for 
important  regulation,  policy  and  investment  decisions. 

On  these  bases  it  is  very  important  to  : 

-  awareness  of  analytical  quality  problems, 

-  and  measurement  traceability  underpinned  by  references 
materials 

In  this  context  the  importance  of  the  use  of  CRMs  caji 
easily  demonstrated,  but  before  to  1 

the  functions  and  the  structure  of  the  data  bank  COMAR  it 
can  be  usefull  to  remind  the  iso  definitions  : 

Reference  material  is  : 

"A  material  or  substance  one  or  more  properties  of  which  are 
sufficiUtly  well  established  to  be  used  for  the  calibration 
of  an  appartus,  the  assessment  of  a  measurement  method,  or 
for  assigning  values  to  materials”. 


Certified  reference  material  CRM  is  : 

"A  reference  material  one  or  more  of  whose  property  values 
are  certified  by  a  technically  valid  procedure,  accompanied 
by  or  traceable  to  a  certificate  or  other  documentation 
which  is  issued  by  a  certifying  body”. 
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EXEMPLES  OF  INTERROGATION 


In  order  to  understand  the  purpose  of  the  data  bank 
according  to  the  analytical  chemistry  needs  It  will  be 
presented  two  kinds  of  exemples  : 


-  one  concerning  the  selection  of  pure  iron  (purity 
greater  than  99.99  %) 


-  the  second  about  the  selection  of  sulfer  in  fuel 
(sulfer  less  than  0,5  %) 


From  these  exemples  (presented  in  details  by  slides)  it  1s 
possible  to  see  that  the  user  has  the  possibility  to 
select  ; 


-  the  field  of  application  (petroleum  products  for 
exemple) 


-  the  elementary  composition  according  to  a  range  (lower 
and  upper  values) 


-  but  also  the  name  ofthe  CRM 
the  form 
the  producer 

and  the  country  of  origine 


For  each  step  of  the  interrogation  the  number  of  CRMs 
selected  is  displayed  and  by  function  keys  it  is  possible  to 
display  or  to  print  information  about  each  CRM  selected  ; 
including  commercial  reference  and  contact  name  associated  to  the 
information  about  the  producer. 
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THE  STRUCTURE  OF  THE  DATA  BANK 


Five  parts  of  information  are  the  bases  of  the  data  bank  : 

-  general  information  -  name 

-  trade  reference 

-  field  of  application 

-  year  of  certification 


-  Elementary  composition  :  in  order  to  describe  the 
elementary  composition  this  part  allows  to  give_  the 
concentration  (%,  ppm,ppb)  for  each  element  associated 
to  the  relative  precision  and  information  about  the 
quality  of  the  value  (certified,  indicative,  estimated). 


_  Molecular  composition  :  the  same  structure  is  used  in 
order  to  describe  the  molecular  composition  each 
molecule  is  identified  by  its  Registy  Number  of  the 
Chemical  Abstract  Service. 


-  Physical  property  :  each  physical  property  is  identified 
by  the  ISO  code  and  the  SI  units  are  used,  a  range 
specific  the  certified  value  and  parameters  can  be 
indicated. 


-  conventionnal  property  :  in  this  case  (hardness  for 
exemple)"  the  identification  of  this  property  is  done  by 
.the  reference  totthe  standards  that  describe  this  property. 


HISTORY  OF  THIS  PROJECT 


1980 

1982 

1983 

1984  -  1985 

1988  -  1989 
16  ma1  1990 


ISO-REMCO  recommandation  about  the 
Indexation  code,  bases  of  a  future 
data  bank 

Demonstration  of  this  data  bank 
including  500  CRMs  issued  from  french 
producers 

Collaboration  with  NBS  (USA)  about  the 
portability  beetween  coding  center 

Creation  of  the  first  international 
part  of  the  data  bank  with  the 
collaboration  of  BAM  (RFA)  and  NPL 

I  U  K  / 


cooperation  with 
USSR,  JAPAN  and  CHINA 


Signature  of  a  Memorandum  of 

Cooperation  with  all  the  participants 

“P  0^  data  bank 

COMAR.  LNE  is  in  charge  of  the 

Central  Secretary 


ACCESS  TO  THE  INFORMATTOW 


FOR  JAPAN  THE  CODING  CENTER  FOR  COMAR  IS  THE 


-  INTERNATIONAL 
(nil)  OF  MITI 


TRADE  AND  INDUSTRY  INSPECTION 
2.49.10  NISHIHARA  SHIBUYA-KU  TOKYO 


INSTITUTE 


CHEMISTRY  DEPARTMENT  M.  Y.  MIYAKOZAWA 

PHONE  TOKYO  (481)  1921 
FAX  TOKYO  (481)  1920 


JSSJr  memorandum  this  Institute  code  CRM  for 
Japan  and  recieve  from  the  Central  Secretary  the 
Internationar  Data  Bank  COMAR,  and  in  Japan,  is  the  sSle 
distributor  with  in  that  country. 
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The  Materials  Design  Support  Systems  with  Case-Based  Reasoning 


Yuzuru  Fujiwara 

(  University  of  Tsukuba,  Institute  of  Electronics 
and  Information  Science  Tsukuba,  305  JAPAN  ) 

Abstracts 

One  of  the  most  important  functions  in  experts’  brain  is  induction  or  learning, 
and  this  paper  show  that  an  example  of  Case-Based  Reasoning.  Most  of  databases 
and  knowledge  bases  produced  in  the  field  of  materials  are  hardly  satisfactory  to 
specilists  of  corresponding  fields  due  to  lack  of  sufficient  contents  in  databases  and 
knowledge  bases  as  well  as  necessary  functions  of  system. 

There  are  many  available  information  ,  while  the  present  state  of  the  arts  to 
construct  DB  and  KB  is  far  from  managing  and  using  to  the  maximal  extent  most  of 
the  information. 

This  paper  describes  a  new  information  model  called  MIB  :  SORITES  (Materials 
Information  Base  :  Self  Organizing  Receptor  Interconnection  Systems),  which  can 
handle  semantics  through  dynamic  structures  of  information. 

The  model  is  based  on  flexible  representation  of  concepts  and  relationship  among 
concepts,  and  directed  links  in  the  structures  may  be  of  types  as  many  as  necessary 
e.g.  super  classes  -  subclasses,  causes  -  results,  structures  -  properties,  functions  - 
mechanism  and  so  on.  The  model  is  consisted  of  a  set  of  h3T3ergraphs  in  which 
nodes  can  be  simple  nodes,  sets  of  nodes,  sets  of  links  or  any  combination  of  nodes 
and  links.  That  is  a  node  is  a  set  of  objects  with  abstract  data  type  attributes,  and  a 
link  is  dynamic  and  carries  meaning  as  specified  relationship  among  nodes. 

The  model  has  been  applied  to  the  research  information  bases  of  polymer. 
Organic  Synthesis  and  non  -  linear  optical  materials.  The  last  are  shown  as 
examples  here. 
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1.  Introduction 

Computer  and  softwares  have  been  used  to  support  research  and  development  of 
science  and  technology,  Large  accumulation  of  programs  numerical  calculation, 
bibliographic  and  factual  databases,  and  expert  systems  being  implemented  in 
various  fields  are  available  and  are  used  extensively. 

One  of  the  major  problems  in  produdng  databases  is  identification  of  the  entities 
unless  small  databases  are  of  concern.  Another  is  access  to  data  according  to 
contents.  Although  both  prolems  seem  to  be  simple,  it  is  not  the  case,  because  they 
are  related  with  meaning  of  data,  which  is  one  of  the  furthest  goals  of  computers. 
Various  data  models  have  been  proposed  to  increase  capabilities  of  database 
management  systems.  For  example,  the  relational  model  is  very  popular  because  it 
is  easy  to  use  and  is  theoretically  well-founded.  Many  attempts  are  reported  to 
extend  the  model  e.g.  RM/T  (the  extended  relational  model  by  Codd),  ADT  (abstracts 
data  type  by  Stonbraker),  abstractions  by  Smith  and  so  on,  and  to  overcome 
restrictions  of  a  basic  form  of  the  relational  model  which  requires  that  values  are 
atomic  and  may  not  be  structured.  This  means  that  data  should  be  simple  and  that 
you  may  not  input  complicad  data  necessary  for  materials  design.  The  network 
model  is  flexible  and  the  hierarchical  model  has  been  used  wridely,  while  they  have 
same  problems  as  those  mentioned  above. 

It  is  to  be  noted  that  the  registry  numbers  and  standard  nomenclature  may  not  the 
solution  of  the  issues. 

2.  Information  contained  in  materials 

Polymer  is  taken  as  an  example  in  a  database  called  OPM-IBS  (Optical  Materials 
Information  Base  System)  which  contains  bibliographic,  spectral,  graphic  and  text 
data  of  C-13  NMR  of  polymers,  and  has  been  compiled  for  seven  years.  It  has 
comprehensive  data  in  this  particular  field  and  the  contents  are  of  high  quality  in 
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the  Benee  of  critical  evaluation  as  well  as  contents  of  information  necessary  for 
research  and  development.[l]. 

In  order  to  describe  polymeric  materials,  it  is  necessary  to  include  not  only 
structures  of  repeating  units  but  also  other  structural  and  nonstructural 
information,  as  shown  in  Kgure  1;  where  explicit  structural  information  contains 
that  of  repeating  units,  stereoregularity,  irregular  structures  (e.g.,  branches,  cham 
ends,  head-to  head  addition  of  vinyl  monomer,  1/2  or  3/4  addition  in  W  addition  of 
polyisoprene),  degree  of  polymerisation,  and  dispersion;  implicit  structural 
information  contains  that  of  production  processes  (e.g.,  hydrogenated  PIP/EPR), 
reactions  (e.g.,  chlorinated  PE),  starting  monomer  (e.g.,  polyvinylalcohol  from 
polyvinyl  acetate);  related  structural  information  contains  that  of  additives, 
catalysts  and  so  on;  and  nonstructural  information  of  the  types  of  properties  (e.g., 
high  density  PE),  processes  (e.g..  high  pressure  polymerisation),  use  (e.g.. 

engineering  plastics)  [1-3]. 

Although  polymeric  materials  have  many  attributes  to  be  described,  all  of  them  are 
not  usually  obtained.  The  lack  of  data  is  significant  and  the  material  cannot  be  fully 
specified.  Moreover,  it  is  not  always  required  to  know  the  value  of  every  attribute, 
but  the  generic  classes  of  materials  are  of  concern.  Sometimes,  all  of  these 
attributes  are  not  sufficient  to  describe  compounds  and  yet  further  information  is 
required  such  as  isotope  substitution,  higher  order  structures  and  so  on. 

On  the  contrary,  minor  differences  between  distinct  values  may  be  neglected  from  a 
practical  point  of  view.  In  a  word,  polymeric  materials  are  mixtures  of  many  kinds 
of  isomers  and  homologues.  and  the  required  specification  depends  on  the  view  of 
the  user,  where  the  corresponding  sets  of  attributes  are  combinations  of  all 
attributes  irrespective  of  the  levels.  Therefore,  the  constitution  of  key  attributes 
must  be  dynamic  and  may  not  be  unique. 


-340- 


Fig.  1  Self  Organization  of  Information  by 
Taxonomies 
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Systems  for  material  design  have  components  of  the  analysis  of  requirements,  the 
structure  design,  the  design  of  process  and  composition,  and  the  estimation  and 
evaluation  of  candidate  structures,  which  are  the  major  part  of  material  design, 

A  particular  example  of  material  design  is  briefly  sketched  in  Figure  1  to  give  a 
cleat  image  of  the  design  engine. 

Requirement  analysis  may  be  performed  automatically  to  some  extent  by  preparing 
a  thesaurus  and  a  texonomy  of  technical  terms.  Therefore,  the  design  engine  must 
be  capable  of  giving  an  appropriate  interpretation  of  requirements  provided  with  a 
taxonomy  ranging  from  a  use  level  to  a  basic  property  level  of  materials.  Moreover, 
the  prepared  structures  of  terms  may  not  always  give  a  complete  analysis  for 
requirements,  and  a  supplementary  interpretation  should  be  given  from  the 
outside. 

In  this  case,  the  design  engine  should  be  able  to  recognize  the  part  it  cannot 
interpret,  then  to  show  the  part  and  request  instructions  to  accept  new  concepts, 
resulting  in  reconstruction  of  the  thesaurus.  In  other  words,  it  is  desirable  for  the 
design  engine  to  have  a  learning  mechanism. 

1)  Structure  design.  After  those  requirements  are  analyzed  a  set  of  basic  property 
descriptions  is  obtained.  The  first  step  of  structure  design  is  to  give  model 
structures  of  the  target  material  which  is  adapted  to  these  property  descriptions. 
This  is  accomplished  basically  by  searching  correspondence  between  structures  and 
properties  (a  kind  of  knowledge  base)  stored  in  the  taxonomy. 

However,  it  is  clear  that  many  logical  conflicts  could  occur  during  reasoning  steps  if 
a  simple  deductive  inference  method  were  applied.  In  the  actual  process,  material 
designers  have  to  content  themselves  with  adapting  a  starting  model  material  to  a 
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Subset  of  descriptions,  and  to  fitting  the  remainder  of  the  desdriptions,  in  an  effort  to 
identify  new  descriptors  where  there  are  conflicts. 

The  second  step  of  structure  design  is  the  optimization  of  the  model  structure 
through  structural  modification.  As  mentioned  above,  the  model  structure  only 
fulfills  constraints,  so  it  is  necessary  to  change  the  substructures  to  accoriimodate 
other  requirements.  The  governing  principle  for  this  optimization  is  after  the 
"additive  property".  It  is  the  assumption  that  the  property  of  a  whole  structure  ^an 
be  considered  as  the  sum  of  properties  of  the  constituent  substructures,  giving  a 
guideline  for  structural  modification. 

While  this  estimation  should  be  considered  a  preliminary  hypothesis  to  be  tested  by 
experiments,  it  should  be  noted  that  knowledge  enables  a  designer  to  estimate  it. 
Therefore,  it  is  is  necessary  for  the  design  engine  to  provide  a  set  of  correspondences 
between  properties  and  substructures  so  that  it  can  give  any  combination  of 
repeating  units.  This  set  of  correspondences  can  be  regarded  as  a  kind  of 
representation  form  of  semantics  about  properties  in  terms  of  (sub)structures. 
Further,  it  is  possible  to  combine  the  set  with  the  thesaurus  and  the  taxonomy  of 
technical  terms,  so  it  may  be  considered  as  part  of  a  representation  scheme  of 
semantics  of  expertise. 

2)  Process  and  composition  design.  There  are  various  steps  in  process  design  and 
composition  design,  including  combining  materials,  additional  reagents,  etc.,  and 
controlling  their  concentrations.  It  is  necessary  for  the  design  engine  to 
appropriately  apply  the  knowledge  as  such  to  the  given  requirements,  although  this 
function  requires  semantic  analysis  and  dynamic  structurization  of  knowledge. 

3.  OP-IBS  System  Features 
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Since  a  huge  quantity  of  data  and  knowledge  is  needed  for  a  material  design  system, 
it  is  vital,  in  order  to  manage  such  a  system,  to  introduce  database  techniques.  It 
seems  promising  to  use  a  relational  database  for  this  purpose  due  to  its  logical 
clarity.  However,  to  adopt  a  relational  database  as  an  integrated  system  for  data 
and  knowledge  of  material  design,  the  following  functions  should  be  added; 

1)  Support  for  inference.  In  logical  programming  such  as  PROLOG,  the 

relationship  between  the  logic  view  of  the  relational  database  and  inference  is  clear. 
Logical  schemas  are  very  useful  for  deterministic  inference  of  the  "if  A  then  B 
variety,  whereas  it  is  less  good  at  handling  heuristic  reasoning.  Both  types  of 
inference  are  needed  in  material  design  systems,  and  some  hybrid  knowledge 
representation  scheme  is  required  to  accommodate  both  of  them. 
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2)  Support  for  taxonomy  and  related  inheritance/defaults.  It  is  known  that  frame- 
based  knowledge  representation  is  effective  in  the  domain  where  the  ratio  of  data  to 
data  descriptors  is  close  to  1  (3).  This  corresponds  to  the  fact  that  frame  taxonomy 
seems  to  closely  match  our  intuition  about  how  to  structure  the  world.  It  also 
suggests  enticing  directions  for  processing  inheritance,  defaults,  etc.  While  data 
for  material  design  range  from  that  of  the  ratio  1:1  to  that  of  the  ratio  l:thousands,  it 
is  important  for  data  of  small  ratio  to  support  the  taxonomy. 

3)  Support  for  complex  data  types.  Most  of  the  conventional  database  systems 
support  only  very  simple  data  types  such  as  integer,  real  number,  string,  etc.,  and 
lack  functions  which  define  new  data  types  and  support  them.  Therefore,  it  is 
difficult  for  them  to  process  data  with  diverse  modalities  and  complexities  such  as 
chemical  graphs,  time,  etc. 

In  this  respect,  ADT-INGRES  developed  by  Stonebraker  et  al.  shows  a  direction 
which  uses  an  abstract  data  type  in  a  relational  database  context  (4).  In  ADT- 
INGRES,  each  individual  column  of  a  relation  is  regarded  as  ADTs  (Abstract  Data 
Types),  and  the  implementation  details  are  hidden  from  the  level  of  application 
software.  Operations  are  defined  in  terms  of  procedures  written  by  programming 
language  C  which  supports  both  database  access  and  ADTs.  In  particular,  it 
suggests  that  many  of  the  problems  concerning  non-first  normal  form  relation 
would  be  solved  by  using  query  conunand  QUEL.ADTs. 

4)  Support  for  metadata  access.  Metadata  (data  on  data)  are  usually  stored  in  a 
dictionary  and  cannot  be  accessed  by  the  user.  Such  an  implementation  could  not  be 
qualified  as  a  development  type  system  which  would  handle  data  dynamically,  and 
this  means  that  metadata  handling  should  be  possible  as  far  as  the  data 
manipulation  language  is  concerned,  as  well  as  that  of  application  data. 
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ABSTRACT 

Industrial  needs  for  Computerized  Scientific  and  Technical 
Information^  cannot  be  restricted  to  the  "so-called"  scientific  data 
only.  From  base  materials  to  components,  products  and  applications, 
nobody  can  draw  a  precise  line. 

"Validated"  data  is  certainly  a  prime  concern  for  industrial  R&D  labs 
but  the  data  banks  providing  such  data  are  not  likely  to  cover,  in  the 
next  future , . the  bulk  of  the  needs  of  Industry . 

A  more  "pragmatic"  approach  has  to  be  considered,  including  the 
available  technico-commercial  data,  naturally  explicited  by  the  proper 
labelling  for  their  expected  "quality". 

The  development  of  such  "pragmatic"  databanks,  will  induce,  later  on, 
the  consultation  of  the  more  scientific  ones. 

Industrial  needs  expressed  by  the  industrial  users  themselves  should 
be  integrated  at  the  real  start  of  the  conception  of  the  systems,  and 
not  afterward  !  — 

HARKBT  "FULL”  :  FROH  "MATERIALS'*  TO  "PRODUCTS'*  DATA  BANKS 

The  recent  publication  of  the  GUIDE  DES  BANQUES  DE  DONNEES  FACTUELLES 
FRANCAISES  SUR  LES  MATER I AUX  1989  :  Catalog  of  French  Factual  Data 
Banks  on  Materials)  available  at  CODATA  France,  is  clearly  showing  the 
need  for  "Products"  Information. 

Indeed,  40  Data  Banks  (refer  to  the  enclosed  detailed  chart), 
covering  most  of  the  industrial  activity  (adhesive,  aluminum, 
aeronautic,  car  industry,  building  and  civil  engineering,  metals, 
mechanics  and  ceramic  and  glass)  are  presented  with  the  full 
description  of  their  access  (public  or  under  private  contract), 
including  pictures  of  the  key  screens  (most  of  them  being  "videotex" 
assisted) . 
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Many  of  these  data  banks  include  ••components",  commercial  products 
S  Cflogs.  Wh.n  possibU,  th.  "fpl.ndlp  access  asa"  .s 
to  the  scientific  "sophistication".  Some  Materials  DataBank 
••purists"  may  regret  these  features  !  However  they  should  take  this 
opportunity  to  meditate  on  the  requirements  expressed  by  the  users 
(industrial  in  particular)  and  may  consider  this  photography  of 
the  "real^^  activity  on  databanks  in  our  country  as  a  warning  against 
purely  scientific  constructions,  fascinating  at  the  first  glance, 
but  disapointing  afterward  when  seeking  for  users  !  •  •  • 


INDUSTRY  REQUIREMENTS 

The  proliferation  of  commercial  systems,  testifying  their  vitality,  is 
not,  however,  truly  satisfactory,  since  the  scattering  of  information 
under  many  systems  and  configurations  will  obviate,  on  the  long  term, 
the  development  of  coherent  information  systems. 

Therefore,  the  priority  seems  to  be,  at  the  moment,  to  reach  an 
agreement  on  a  common  standard  for  data  storage  (or,  at  least,  for 
data  exchange). 

The  Research  labs,  the  manufacturing  plants  and  the  marketing 
services,  are  generating  a  continuous  flow  of  valuable  numerical 
data  (material  properties  and  behavior,  quality  control  regulations, 
statistics,  ...)  which  are  un-uniformely  stored  in  too  many  systems, 
generaly  adapted  to  the  precise  local  function,  but  improper  to  be 
communicated  to  other  locations,  or  used  for  other  functions. 

This  need  for  a  coherence  in  the  formats  is  even  more  important  in 
the  case  of  the  ••products"  data  banks,  since  the  potential  users  are 
widely  diversified  and  would  not  access  to  commercial  transactions 
without  the  possibility  of  a  common  language  with  the  industrial 
suppliers  of  their  materials  and  products. 

CAD/CAM  and  modelling  purposes  are  good  illustrations  of  the  need  to 

access  in  a  comprehensive  way  to  valuable  data  :  A  Pilo 

Demonstration  Program,  gathering  about  20  European  is  studying  tlie 
feasibility  of  the  concept  of  data  storage  for  CAD/ CAM. 

The  "Products^^  data  banks  seem  to  be  ahead  of  tl»e  •'Materials  in 
this  area.  As  an  example,  the  AFNOR  Z-99  standard,  homologated  by 
EEC,  for  the  ’’components'*  used  in  CAD/CAM  has  been  developped  by  a 
large  group  (110  in  France)  of  industrial  users  :  We  are  presently 
studying  the  adaptation  of  this  standard  to  "straight"  materials. 

An  other  priority  is  the  "graphic"  presentation  of  industrial  data 
(drawings,  curves,  charts, 

’’Videotex"  has  brought  a  readily  available  solution  for  all 

terminals,  including  the  less  sophisticated  ones  (such  as  the 
"Minitel"  which  is  a  the  free  disposition  of  any  telephone 

contractant  in  France,  and  explain  the  success  of  the  videotex 
databanks).  However  the  screen  definition  and  the  speed  of  transfer 
is  far  from  the  levels  required  for  transfer  of  pictures  and 
detained  drawings. 
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videodiscs,  locally  associated  with  the  connected  terminals  can 
illustrate  the  databanks  output  with  the  features  which  cannot  be 
conveniently  expressed  otherwise  by  textual  or  numerical  data. 

RNIS  (Reseau  Numerique  a  Integration  de  Service)  will  be  widely 
developped  in  most  of  the  french  cities  at  the  end  of  1990  :  it  will 
transfer  data  at  64.000  bits/s  and  therefore  will  be  suitable  for 
image  and  drawings  data. 


Last,  but  not  least,  is  the  "friendly  access"  requirement  which  is  the 
key  of  the  effective  use  of  computerized  data  by  industrial  users.  The 
increasingly  large  volumes  of  information  cannot  be  restricted  to  the 
lonely  access  of  the  information  "specialists".  Training  of 
researchers  and  technical  users  may  overcome  many  of  the  present  hints 
which  inhibit  the  present  consultation  of  Databanks.  However  a  major 
effort  has  to  be  made  by  Databank  producers  to  adapt  themselves  to  the 
"friendly  access"  concepts  of  their  potential  users. 

EXEMPLES  OF  INDUSTRIAL  PRODUCTS  DATA  BANKS 

The  following  examples  are  presented  to  illustrate  the  diversified 
needs  for  factual  information. 

SG-PROMAT  (Saint-Gobain  Products  and  Materials) 

SAINT-GOBAIN  is  a  multinational  Group  covering  large  sectors  of  the 
industry  of  materials  (glass,  ceramic,  metal,  cement,  wood,  ..  ).  . 

Aside  from  the  scientific  and  validated  computerized  data  data  banks 
which  are  vital  for  researching  in  an  area  such  as  glass  (including 
the  links  with  the  expert  systems),  a  complete  system  is  available 
to  all  companies  of  the  Group  SAINT-GOBAIN  (113  through  the  world) 
for  storage  and  access  to  data  pertaining  to  their  materials  and 
products. 

It  can  describe  and  retrieve,  in  numerical  as  well  as  textual  terms, 
any  material  produced  or  used  by  the  Group  (from  paper  products  to 
reinforced  concrete  component,  including,  cast  iron,  glass  and 
ceramics).  As  an  exemple  of  other  potential  use,  scientific 
equipments,  with  their  proper  characteristics  (NMR,  ESCA,  SIMS, 
Infra-red  ..)  of  each  Research  Laboratory  within  the  Group  can  be 
located  through  the  world,  for  proper  use. 

The  system  is  operated  on  T^lesystemes  Questel,  as  a  private  base 
with  several  levels  of  confidentiality,  assisted  by  videotex  and 
videodisc  interfaces. 
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Building  and  Civil  Engineering  areas. 


The  following  list/  illustrates  once  more,  the  development  of  a 
large  number  of  videotex,  easy  to  access,  systems  which  are  favored 
by  the  users. 


Name 


Producer  Nature  of  informations 


Videotex  access 


NORIANE 

AFNOR 

Standards  ^ 

ARIANE 

FNB 

Products  and  related  data 

ACERMI 

CSTB 

Certification  of  insulating 
products 

ADETEL 

BTP 

Manufacturers  and  products 

ARIABAT 

FNB 

Manufacturers  and  products 

BAT2000 

Atel.2000 

Enterprises,  Standards,  Contracts 

BODACC 

Official 

Enterprises 

COROTEL 

Corona 

Paints 

CYCLOPE 

CSTB 

Products  and  companies 

EAUDOC 

Johanet 

Water  :  Equipments  and  supplies 

GIMM 

GIMM 

Wood  products 

HABITAT88 

CSTB 

Constructions 

IMCC 

AIMCC 

Products 

INFOBAT 

SOCOTEC 

Products  and  insurance  standards 

INSEE 

INSEE 

Economic  data 

MAZDA 

MAZDA 

Lighting  products 

MEMOBAT 

Entrepreneur  Enterprises  and  products 

MONITEL 

Moniteur 

Enterprises,  Products,  Contracts 

RUBSON 

Rubson 

Waterproofing  products 

RUTILE 

CSTB 

Technical  agreements  on  products 

SAGERET  B 

SAGERET 

Enterprises 

URBA 

BTP  Ministry  Products  reglementations 

USNOUV 

Usine  Nouv. 

Economic  data  on  products 

Questel 


3615 

3614 

3615 
3615 

3613 

3614 

3615 
3615 

3614 

3615 

3614 
3629 

3615 
3615 
3615 
3615 

3614 

3615 

3614 
3617 

3615 


N.B.  3613-14-15-17-29  are  the  codes  for  minitel  (and  prices  levels) 
IVNNEX 


GENERAL  TABLE  OF  MATERIALS  AND  PRODUCT  DATABANKS 
INCLUDED  IN  THE  "GUIDE  DES  BANQUES  DE  DONNEES  FACTUELLES  FRANCAISES 

SUR  LES  MATERIAUX  1989" 

(Catalog  of  French  Factual  Data  Banks  on  Materials 
available  at  CODATA  France). 


Name 

Content 

Producer 

Field 

ACERMI 

Aide  au  choix  des  maieriaux 
isolants  certifids  du  b&Ument 

CSTB 

Champs  sur  Marne 

BAtiment 

ADEP 

Propridtfis  ihcmiodynam- 
iques  el  de  transport  de  corps 

Cenue  de  Recherche  el 
d 'Etudes  C^ramiques 
University  de  Limoges 

Tlicnnody- 

namique 

ADHEMIX 

Caractdiisiiques  des  colics 
structurales  du  marchd  Cran9ais 

CEA/DAM.  Monts 

Adlidsifs 
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Hame 


Content 


Producer 


Field 


ALUSELECT 

(D* 

Aide  ft  la  s6lecUon  des  princl- 
paux  aliiagcs  d’aJurninium  de 

European  Aluminium 
Ass.,  Voreppe 

Alumutium 

ARIAGEC 

(2) 

Inloniiatiuris  sur  Ics  op^aiioiis 
de  itcherctie  en  gf nie  civil 

PROGEC/Nmr,  rails 

Gdiiie  civil 

ARIANE 

(3) 

Ttcltiii(|iie^,  f^glciiicntiiluns, 
piuduiu  el  fubricoitis  du 
bftUincni 

nocAiEu.rojis 

llftlimcnt 

ARTEMISE 

(4^) 

Chiiiiie  dcs  ruches  et  mindxaiLx, 
gdologte,  pfijographie. 

Domaines  ignds,  m^iainoiphiques 
el  sdditucntaitcs 

CRTG,  Vaiidocuvre 

Gdochiinie 

BADGE-DAN 

Exploitation  et  vaJorisaiion 
de  doiin^cs  du  sous-sol 
ruuic6ien  cn  vue  de  rtminagemeiU 

ENSG/INPL, 

Vandocuvre 

Gdocliiinie 

BASALIB 

Ensemble  de  r^ultats  d’essais 
d’usage  inieme  eirectu^s  au 

CSIB 

CSIB, 

Champs  sur  Marne 

Bfttimenl 

CETIM 

ADHESIFS 

Aide  ft  la  conception  et  ft  li 
mUe  en  oeuvre  d 'assemblages 
coIMs 

CETIM,  Saint  Etienne 

Adlldsifs 

CETIM 

DIAMANT 

Aide  ft  la  concepdon  de  piftces 
et  d  ensembles  m^caniques 

CETIM,  Senlis 

Mdcanique 

CETIM  FATIG 

Calcu!  de  lenue  en  fatique  de 
pi&ces  mdeaniques  principaJemenl 
cn  ocier 

CETIM,  Senlis 

Mdeanique 

CETIM  HMAC 

(7) 

Caractdrisliques  mdcaniques 
el  physiques  des  polymftmes 
et  composites 

CETIM,  Nantes 

riastiqucs 

composites 

CETIM  SICLOP 
(8) 

Guide  de  choix  d'aciers  de 
constnjcUon  pour  traitements 
Uiermiques 

CETIM.  Senlis 

Mdcanique 

CIMBETON 

(9)^ 

Aide  au  choU  des  cimenu  et 
bdions  donndes  techniques  ei 
commerciales 

CNC,  Parts 

Bfttimenl 

COMPOSFTE 

DATA 

Mise  en  oeuvre,  caraetdrisation, 
application  des  matdriaux 
composites 

Insl.  Mai.  Composites 
Pessac 

Composites 

CYCLOPE 

Matdriaux,  produtu,  proeddds  et 
sysifcmes  nouveaux  dii  bftUmeni 

CSTB,  Paris 

Bfttiment 

DATAROC 

Roclies  exploitdes  en  carridre: 
essais  mdcaniques,  physiques, 
chimiques  et  mindralogiques 

LCPC,  Paris 

Gdoiogie 

FATIGUE 

(10) 

Rdsuliau  d'essais  de  fatigue 
de  maidriaux  mdialliques,  uUUsds 
dans  I'adionautique 

Adxospatiale, 

Suresnes 

Adioitauliqut 

FEU 

Rdsuluis  d'essais  de  idsistance 
au  feu  d'dldmenis  de  conscmcUon 
du  bftliment 

CSID, 

Champs  sur  Marne 

BfiUiiieni 
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Name 


Content 


Producer 


Field 


CEOBANQUE  Dohndcs  gtologiquci,  hydrogtolo*  BRGM,  OiI6*ns 
(11,12)  giquu,  gitologiques  el  gtoiechniques 

du  sous-sol  rran9iis 

GEFRQC  Essais  m6canique$  de  caraci^risation  A vions  Martel 
d'eprouveuesenmal^riaux  Dauault. 

cbmposiica  SainiOoud 


GUIDE  DE  Guide  de  chbU  dcs  mati^rcs  Engin-riasi 

CHOIX  ENGIN-  plastiques  pour  le  mouUge  dcs  Chatenay«Malabry 
PLAST(I3)  pieces  indusuielles 


G3F 

Guide  de  clmta  de  maidriaua 
composites  el  adhisils 

G3F.  Vilieuibane 

HYDROGENE. 
DATA  (H, 15) 

Aide  1  la  recherce  d'information  tur  ENSCP,  Paris 
les  inienicUons  hydrogdne.mitdiiatix 

INFODAT 

(16) 

Produiu  et  proeddds  qualities  du 
UUmcni;  informations  el  aciualitis 

Socote,  Paris 

INFOViSION 

(H) 

Aide  1  la  recfterclie  de  produits  ei 
de  fabricants  dans  te  domaine  des 
roulcments 

Sonovision 

V^lizy  Vlllacoubby 

MECAROC 

(18). 

Pnrpidtds  mdcaniques  el  physiques 
de  pienes  de  construction  du 

Cdiue  Civil 

l.U.T.  de  la  Rochelle 
University  de  Poitiers 

PMC 

(19) 

Aide  au  choix  des  matdriaux  de  con< 
suucUon  et  d’enuetien  des 
chaussdes 

LCTC,  paris 

PROCOPM 

(20) 

Calcul  d'ecouicmenl  de  polymdies 
injccids,  rdsisiance  de  polymiits 
et  composites 

Cisigraph.  Rungis 

QUAR12 

Rdsuluiu  d'essais  acousUques 
sur  (les  dtdments  de  construction 
de  bSiiment 

CSIB 

Champs  tur  Maine 

REFDATA 

(21,22) 

Aide  g  b  recherce  de  maidtiaux 
de  rdl6ence  pour  Tdtaionnage 

LNE.  Paris 

RP3L 

(23) 

Aide  au  choix  des  mal£riaux 
pbsUques  Rhone  .poulenc:  calcul 
de  dirnensionnement 

Rhone-Pouletic,  Lyon 

RUTILE 

Infoimations  signal^tiques  sur 
les  avis  techniques  du  bAiiment 

CSIB.  Paris 

SG-PROMAT 

.(24W 

Maiftbux,  produits  et  compdtences 
du  Gfoupe  Saint  Gobain 

Sairtl  Gobain 

Paris  U  Defense 

SOPREMA. 

ETANCHEHE 

Pioduiis  d  eiancheiid  destines  au 
bSiirncni 

Soixcnia 

GennevUUers 

SPAO 

(26) 

Guide  de  selection  technique  des 
poiymftresdu  niarchg  euiopden 

LNE,  paris 

THERMODATA  Prtjp”’^*^  ihefmod>'naniiqucs  dcs 
(27-29)  |tdnicnis,compos^Sfnln6(auxet 

alleges  mftaliques 

IBcrmodata. 

Saint  Martin  dTHres 

THERMOSALT  Propriitis  tficnnodynamiques  dcs 
(30)  mdbnges  de  sets  fondus 

SETT.  Univ.  de 
Provence.  ManeiUe 

VULCAIN-BOMMal^riaux  et  traiiemenis  pour  la 
(31*33)  micanttiue.  la  micromde^ique  el 

leddcolleiage 

Ct  DEC,  Cluscs 
ATNOR.  Paris 

La  Defense 

Gdoiogie 

Aeronautique 

Piostiqucs 

Compos!  les. 

aduestfs 

llicrmody* 

namics 

Bfilimcm 

Mdcatitque 

Dftiimcnt 

Gdiiie  civil 

Plastiques 

composites 

BAUmaii 

Maldiutux 
de  leietcncc 

Plastiques 

B&iiiiient 

Biiimcnt 

mfeonique 

Bfttiinem 

Plastiques 

TIicnnody- 

namique 

llicnnody* 

namique 

Mfrauique 
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DEVELOPMENT  AND  APPLICATION  OF  RELIABILITY  ASSESSMENT 
DATABASE  FOR  HEAVY  APPARATUS  EQUIPMENTS  AND  STRUCTURES 
Takao  Inukai,  Nagatoshi  Okabe 

Applied  Mechanics  Group.  Metals  and  Applied  Mechanics  Department 
Heavy  Apparatus  Engineering  Laboratory.  TOSHIBA  Corporation 
Suehiro-cho.  Tsurunl-ku.  Yokohama  230.  Japan 


L  ABSTRACT 

Reliability  database  is  essential  to  the  improvement  and  reliability  pre^ 
diction  of  various  products,  as  well  as  its  model  chianges.  structural  modifica¬ 
tions  of  new  developed  products,  and  optimum  reliability  design.  Such  database 
can  be  utilized  in  two  various  fields  including  reliability  tests  and  mainte¬ 
nance.  Failure  database  underlying  reliability  information  can  be  divided  rough¬ 
ly  into  experimental  database  and  field  database.  This  paper  will  introduce  next 
two  example  of  database  and  reliability  analysis. 

1)  Field  database  for  Vacuum  circuit  breaker  (VCB)  as  a  sample  of  representa¬ 
tive  heavy  electric  switch  gear. 

2)  Material  strength  database  for  in-service  degradation  of  steam  turbine 
components. 

2.  FIELD  DATABASE  FOR  VACUUM  CIRCUIT  BREAKER 

2.1  Formatting  for  Actual  Delivery  and  Failure  Data 

Field  data  is  based  on  operating  conditions  and  failure  information  of  VCBs 
delivered  to  various  customers  and  being  used  in  various  applications.  Standard 
items  should  be  recommended  so  that  the  following  typical  information  may  be 
obtained. 

i)  Types  of  products 

ii)  Histories  of  the  products  (including  periods  of:  operation,  the  number  of 
switching,  and  maintenance  conditions) 

iii)  Environmental  and  application  conditions 

iv)  Failure  conditions  (including  portions  out  of  order,  parts  in  trouble, 
failure  modes,  and  symptoms) 

v)  Effects  and  actions  against  failure  (including  the  degree  of  difficulty  in 
recovery) 

Such  works  aim  at  utilizing  the  past  highly  reliable  empirical  field  data 
of  VCBs. 

As  shown  in  Table  1,  data  is  divided  into  [A]  actual  delivery  record  data 
and  [B]  failure  data. 

A  database  covering  actual  delivery  records  is  a  parameter  for  reliability 
analysis.  This  requires  correct  actual  delivery  records.  The  needed  information 
items  include  VCB  types,  customers,  delivery  dates,  serial  product  numbers,  and 
the  number  of  delivered  VCBs.  The  types  must  be  so  coded  to  make  it  possible  to 
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Identify  the  structures  of  vacuum  valves  used,  rated  applied  current,  rated 
Interrupting  current,  and  the  presence  or  absence  of  TNRs.  In  addition,  this 
coding  must  be  such  that  it  contributes  to  understanding  customers  classifica¬ 
tions.  customers’  names,  and  frequencies  of  using  VCBs.  .  j  , 

The  failure  database  must  cover  errors,  including  part  failure  found  during 
maintenance  and  inspection,  which  force  products  to  be  put  out  of  operation.  The 
information  items  should  include  dates  on  which  failure  occurs,  its  phenomena, 
actions  against  it.  test  numbers,  and  the  number  of  VCBs  out  of  order.  The 
failure  phenomena  codes  must  be  subdivided  Into  category,  portion,  element,  and 
degree  of  importance.  The  category  codes  should  serve  for  knowing  either  of  (i) 
machinery,  (ii)  electricity,  (iii)  chemistry,  and  (iv)  environment  which  the 
failure  is  related  to.  The  portion  codes  should  serve  for  understanding  what 
portion  the  failure  occurred  at.  The  element  codes  should  serve  for  identifying 
the  improper  part.  The  degree  of  importance  codes  should  serve  for  identifying 
effects  of  the  failure.  In  addition,  the  cause  of  failure  codes  should  serve  for 
understanding  what  the  failure  originates  in.  The  action  against  failure  codes 
should  serve  as  information  data  permitting  the  identification  of  permanent  or 
tentative  actions. 


2.2  Configuration  of  Multi-Item  Retrieval  System 

Data  must  be  retrieved  selectively  from  the  reliability  database,  dependin^g 
on  the  application  and  the  object  subjected  to  reliability  analysis.  For  the 
retrieval  system,  the  following  items  in  [A]  actual  delivery  data  and  [B]  fail¬ 
ure  data  serve  as  retrieval  keys. 

[A]  Delivery  records  :  Types  of  VCBs.  customers,  and  delivery  dates. 

[B]  Failure  records  :  Date  on  which  failure  occurs,  failure  phenomena,  and 

causes  of  failure.  ...  i  i 

The  combination  of  (i)  single-item  retrieval  and  (ii)  multi-item  retrieval 

as  well  as  a  masking  function  by  symbol  #  makes  very  diverse  retrieval  possible. 
Example(l):  The  specification  of  type  =  ##10###  retrieves  all  VCBs  rated  at 

lOkV  and  incorporating  motors.  .  ,  j  ..  j 

Example(2):  The  specification  of  customer  -  P###.  delivery  date  =8##.  and 
improper  portion  •  F###  retrieves  all  the  VCBs  delivered  to  electric  power 
companies  in  1980s  and  whose  mechanical  parts  were  out  of  order.  ^ 

ExampleO):  The  VCBs  which  meet  conditions  of  example  (1)  and  (Z)  are 
retrieved  (multi-item  retrieval). 

2  a  Rpllahtutv  Analysis  of  VCBs  Based  on  Delivery  Records  and  Failure  Data 

Reliability  data  is  characterized  by  the  fact  that  the  number  of  non-fall- 
ure  data  (incomplete  data)  pieces  proving  VCBs’  reliability  is  much  more  than 
the  number  of  failure  data  (complete  data)  pieces.  The  representative  reliabiU- 
ty  analysis  means  for  both  complete  and  incomplete  data  is  Nelson  method  which 
is  also  called  hazard  method”**^’*®’.  Hazard  method  provides  a  reliability  analV" 
sis  method  comprising  two  steps.  The  first  step  is  to  determine  a  hazard  h  t) 
from  actual  data,  and  a  cumulative  hazard  H(t)  from  the  accumulation  of  a  series 
of  h(t).  The  second  step  is  to  identify  the  distribution  of  failure  data  and 
probabilistic  parameters  on  basis  of  the  failure  probability  F(t)  which  is 

obtained  from  H(t).  ..  ...  •  j 

Hazard  means  probability  of  failure  in  the  subsequent  unit  period  and 

hazard  h(t)  is  defined  as  following  equation. 

..,)-/(«)  -  /(O  -  dRW/dt  (1) 

R{i)  l-FU)  R(.t) 

Where  R(t)  is  reliability.  F(t)  is  probability  of  failure  and  f(t)  is  failure 
probability  density  function. 

Cumulative  hazard  is  defined  as  follows. 
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(2) 

Using  H(t)  the  reliability  R(t)  is  expressed  as  follows. 

/e(0»exp(--iy(0)  ;  (3) 

Thus,  cumulative  failure  probability  F(t)  can  be  obtained  as  following 
expression.  As  shown  in  equation(4),  F(t)  is  determined  from  VCB's  operation  and 
failure  data,  which  is  independent  of  the  distribution. 

F(0«l-cxp{^//(0)  (4) 

VCB*s  reliability  depends  on  the  reliability  of  many  structural  components 
being  so  called  system  reliability.  Thus,  the  life  of  a  VCB  depends  nearly  on 
the  minimum  life  of  its  components.  Theoretically.  Weibull  distribution  depend- 
ing  on  the  minimum  life  of  components  seems  to  be  most  adapted  to  the  VCB* s  life 
distribution.  For  reliability  analysis  of  VCB’s  operation  and  failure  data.  F(t) 
is  expressed  as  two  parameter  Weibull  distribution.  As  an  example,  Fig.  1  shows 
the  life  data  on  Weibull  plot  sheets.  The  life  data  has  been  acquired  by  re¬ 
trieving  field  data  under  three  conditions.'  Fig.  1  shows  that  the  life  data 
follows  the  two  parameter  Weibull  distribution  at  any  conditions. 

On  the  other  hand,  it  is  possible  that  reliability  analysis  of  VCB's  life 
distributions  is  covering  the  number  of  operations.  Fig.  2  shows  the  example  of 
VCB*s  life  distribution  covering  the  number  of  operations  and  their  regression 
line. 

3.  MATERIAL  STRENGTH  DATABASE  FOR  STEAM  TURBINE  COMPONENTS 

3. 1  Introduction 

Steam  turbines  in  fossil  power  plants  are  used  In  high  temperature  steam 
and  are  operated  as  long  as  20  years  or  more.  Because  of  such  operating  condi¬ 
tion.  the  material  strength  of  steam  turbine  components  known  to  degrade  due  to 
coarsening  of  carbide  or  precipitating  of  impurity  in  the  grain  boundary. 

Therefore,  in  order  to  maintain  reliability  of  fossil  power  plants,  the 
establishment  of  material  strength  database  taken  from  the  retired  components 
and  the  development  of  reliability  analysis  system  are  sought  after. 

In  this  section,  the  material  strength  database  system  which  is  taken  into 
account  of  material  degradation  information  and  reliability  analysis  example 
will  be  introduced. 

3.2  System  Configuration 

As  shown  in  Fig.  3,  the  material  strength  database  system  is  composed  of  a 
database  and  three  subsystem  such  as  retrieval,  property  analysis  and  reliabili¬ 
ty  analysis.  The  material  strength  database,  which  is  the  raw  data  obtainable 
from  the  material  strength  tests,  is  prepared  in  the  form  of  the  Japan  Society 
of  Materials  Science  data  sheets  for  fatigue  strength  of  metallic  materials  by 
revision  depending  on  various  properties  of  strength,  in  order  to  note  also  the 
in-service  degradation  material  properties.  It  is  made  possible  to  enter  the 
data  such  as  the  material  history  after  the  mill  sheet  formation  (service  tem¬ 
perature.  operation  time,  load,  number  of  operation,  etc.),  basic  strength 
property  data  (tensile,  impact,  hardness,  etc. ),  plant  name,  component  name  and 
sampled  portion. 

The  retrieval  subsystem  is  used  to  output  the  desired  data  in  the  form  of 
numeric  values  or  graphics  by  the  way  of  inputting  retrieval  items.  Retrieval  is 
executed  for  each  items  successively  to  perform  narrowing  into  the  required 
data.  For  this  purpose,  the  material  strength  database  is  divided  into  various 
files  including  only  the  necessary  data  for  each  retrieval  item,  and  the  useless 
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reading  of  unwanted  data  Is  eliminated  through  the  combination  of  the  supplier 
code  and  test  number,  thereby  shortening  the  retrieving  tine. 

The  property  analysis  subsystem  expresses  in  the  formula  of  material  data 
obtained  through  the  retrieval  by  making  a  parameter  analysis  on  the  basis  of 
the  other  basic  material  strength  properties  and/or  metallurgical  properties. 

The  reliability  analysis  subsystem  estimates  the  probabilistic  material 
strength  from  the  scatter  between  the  experimental  values  and  estimated  values 
obtained  by  the  property  analysis.  It  is  applicable  to  make  a  probabilistic 
estimation  for  the  life  or  strength  of  steam  turbine  component  materials. 

a  a  Reliability  Analysis  for  Creep  Rupture  Strength 

Using  a  result  of  performing  a  retrieval  under  retrieval  conditions  shown 
in  Table  2.  an  example  of  reliability  analysis  for  creep  rupture  strength  will 
be  explained.  Fig.  4  shows  the  creep  rupture  property  of  the  retrieved  data,  and 
the  creep  rupture  property  inclines  to  lower  with  the  lowing  in  hardness.  The 
creep  rupture  property  can  be  expressed  as  a  function  of  hardness. 

P>=C  (<?)Hv  +  D  (0) 

C  (a)  =  Ci +C2  ^ogjQ  0 +C3  (^ogio  o  )* 

D(o)-=Dj +D2  ^ogioa+D3(^ogioo)*  (7) 

Where.  P  is  Larson  Miller  parameter,  c  is  stress,  and  C1-C3.  D1-D3  are  material 
constants. 

Using  this  expression,  Fig.  5  shows  the  comparison  between  experimental 
value  and  estimation  value  from  hardness. 

Then,  the  ratio(Ai)  of  experimental  value  against  estimation  value  of  creep 
rupture  strength  was  plotted  in  form  of  Weibull  plot  sheet  as  shown  in  Fig.  6.  In 
this  case,  three  parameter  Weibull  distribution  is  better  agreement  with  actual 
data,  especially  lower  probability  data  compared  to  two  parameter  Weibull  dis¬ 
tribution. 

Using  the  three  parameter  Weibull  distribution  obtained  above,  statistical 
interval  estimation  of  the  creep  rupture  strength  was  conducted.  Fig.  7  shows  the 
example  of  creep  rupture  strength  distribution  on  condition  of  temperature  of 
566C.  hardness  Hv  of  240.  and  creep  rupture  life  of  100,000  hours.  The  upper  and 
lower  range  means  99%  confidence  level  and  center  line  means  50%  confidence 
level. 

4.  CONCLUSION 

(1)  Focusing  on  a  vacuum  circuit  breaker  as  typical  heavy  electric  apparatus, 
this  study  has  constructed  the  reliability  database  and  developed  the  retrieval 
system.  And  the  Nelson  method  was  applied  to  Weibull  analysis  on  field  database 
to  estimate  parameters  required  for  reliability  analysis. 

(2)  With  an  example  of  creep  rupture  data  on  in-service  degradation  materials  of 
steam  turbine  components,  the  material  database  system  wad  described.  The  sta¬ 
tistical  distribution  of  creep  rupture  strength  was  revealed  to  fit  the  three 
parameter  Weibull  distribution. 
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Probability  of  Failure  F(t)  (%) 


Table  1  Data  Sheet  for  VCB  Delivery  and  Failure  Record 


[a1  Delivery  Record 


CB]  Failure  Record 


Type 
VGA2  A2 
VCAS-^  AS 
VK-  K 
VT^  t 


'Poeer  :P'  Tear  Nonth' 
Export:E 
Rail  :R 


Electric 
Mechanic 
Chenlstry 
Envlronaent 


0:Deslgn 
A:Asseably 
T:Test 
P:Productlon 
G:Technology 
L:Settlng 
C:Custoaer 


Peraanent  Tentative 

X:  QK 

L:  NeedCNot  yet)  OX 
X:  Not  yet  OX 

N:  Not  yet  Not  yet 
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[15000  u  ^ 
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12500  =  ^ 
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3  Itess  Retrieval 
-1.  Type  :7.  2kV  VCB 
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Operation  Tine  (month) 

Fig.  1-1  Retrieval  Example  for 
VCB  Reliability  Data 
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Fig,  1-2  Retrieval  Example  for 
VCB  Reliability  Data 
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Fig.  1-3  Retrieval  Example  for  Fig.  2 

VCB  Reliability  Example 


Reliability  Analysis  Example  for 
VCB  against  Number  of  Operation 
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Material  ^  ^ 
strength  test 


Material  slrengtN 


data  retrieval  U  Selection  of  strength  property 


■subsystem 


0 


Property 

analysis 

subsystem 


High  temperature 
material  strength  data 
retrieval  system 


IRi  :  Hi#»  cycle  fatliue 
1R2  :  Low  cycle  fatigue 
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1R4  :  Creep  property 
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1R7  :  Tensile  cyclic  stress- 
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;  Impact 
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Fig.  3  System  Configulation 


Table  2  Input  Item  for  Retrieval 
_ Example 


Retrieval  Condition 

Input  Item 

Retrieval  Method 

Retrieval  Key  System 

Material 

CrMoV  Forging  Steel 

Test  Piece 

Smooth 

Test  Environment 

Air 

Surface  Treatment 

None 

Heat  Treatment 

Quench  and  Tempered 

History 

Used 

Heat  Teatment 

None 

Hardeness(Hv) 

1  Upper254.9  Lower245.0 

2  Upper214.9  Lover205.0 

3  Upperl74.9  Loverl65.0 

Fig.  4  Retrieval  Result 

(Creep  Rupture  Property) 


Creep  Rupture  Strength  Experiment/Estimate  u 

Fig.  6  Velbull  Distribution  Showing 
Dispersion  of  Experimental  Values 
of  Creep  Rupture  Strength  from 
Estimated  Values 


Fig.  5  Comparison  of  Standardized 
Creep  Strength  and  Estimate  Creep 
Strength  from  Hardhess 


Fig.  7  An  Example  of  Statistical 
Estimation  of  Creep  Rupture  Strength 
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Abstract 

CETIM-MATERIAUX  is  a  Material  Database  especially  aimed  at  selecting 
materials  having  the  correct  set  of  required  properties,  i.e.  multi-criteria 
searching  is  the  main  aim.  It  covers  information  on  the  properties  of  metals, 
plastics,  organic  matrix  composites,  adhesives  and  lubricants.  The  data  concern 
physical  and  mechanical  properties  of  engineering  materials,  special  attention 
being  given  to  wear,  fatigue  and  corrosion. 

There  is  also  a  set  of  associated  software  which  can  be  used  on  PC 
independently  of  the  main  data  base  :  CETIM-SICLOP  (Optimisation  of  steel 
selection),  CETIM-FATIG  (Fatigue  design),  CETIM-TELEMAC  (Selection  of  reinforced 
polymers  and  composite  materials),  CETIM-ANASTRA  (Calculation  of  mechanical, 
thermal  and  hygrometric  characteristics  of  polymer  matrix  composites, 
taking  into  account  fibre  orientation  and  layering) . 

After  outlining  the  differences  between  databases,  simulation  software  and 
expert  systems,  the  authors  describe  the  principle  of  interrogation  of 
CETIM-MATERIAUX  and  give  a  brief  presentation  of  CETIM-SICLOP. 


Introduction 

For  many  years,  CETIM  has  been  providing  materials  information  to  the 
mechanical  industries,  published  guides  (e.g.  :  [1  to  3])  and  developed 
methodologies  to  help  with  selecting  the  right  material /treatment  combination 
which,  for  the  lowest  cost,  will  enable  a  mechanical  component  to  withstand  the 
operating  stresses.  It  has  now  also  been  developing  for  several  years  a  Material 
Data  Bank  and  a  set  of  Associated  Software. 

Before  describing  the  main  features  of  the  CETIM-MATERIAUX  Data  Bank  and  of 
CETIM-SICLOP,  we  will  try  to  define  what  is  meant  by  the  terms  "data  base”  and 
"associated  software"  and  to  what  extent  these  different  computer  tools  can 
contribute  to  selecting  materials.  We  would  also  like  to  insist  on  the  limits  of 
these  products. 
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Database  and  Associated  Software 

A  data  base,  is  primarily  a  collection  of  data.  The  different  material 
databases  may  be  classified  according  to  the  following  characteristics  : 

-  THE  TYPES  OF  DATA  they  contain,  ^ 

Test  results  :  either  specific  results  of  individual  tests  (raw  test  data) 
or  data  sets  which  as  a  group  are  descriptive  of  some  measured 
characteristics, 

Calculated  values  :  certain  characteristics  cannot  be  measured  directly  but 
are  determined  by  means  of  a  mathematical  analysis  of  raw ‘  test  data  (e.g. 
the  Larson-Mlller  parameter  for  creep) .  Some  banks  might  even  contain 
interpolated  or  extrapolated  values. 

Synthesis  of  test  data  :  either  average  or  typical  values  -the  result  of 
the  analysis  of  one  or  more  data  sets  to  indicate  the  ’normal*  or  average 
behaviour  of  a  material-  or  certified  values  such  as  those  often  found  in 
standards,  -mainly  minimum  or  maximum  values- 

-  THE  MATERIALS  covered  (steels,  cast-irons,  aluminum  and  other  metallic 

alloys,  ' 

plastics,  organic  matrix  composites,  adhesives  and  lubricants  in  the  case  of 
the  CETIM  Database), 

-  THE  NATURE  OF  DATA 
either  TECHNICAL 

,  Application  characteristics  (physical  properties .mechanical  characte¬ 
ristics,  fatigue,  wear,  corrosion...),  ' 

.  Processing  (Processability  and  processing  parameters) ; 
or  ECONOMICAL  (cost,  availability,...)  NATURE  OF  DATA, 

The  CETIM-MATERIAUX  Database  deals  mainly  with  syntheses  of  test  data 
although  it  may  also  contain  individual  test  results.  Besides  application 
characteristics,  the  CETIM-MATERIAUX  data  base  tackles  the  processability 
aspects  but  does  not  include  any  economical  data,; 

But  a  Database  is  also  a  structure  :  the  input  formats  including  the 
compulsory  metadata  (e.g.  test  temperature)  and  the  useful  secondary  information 
(optional  input,  e.g.  ghost  line  direction  and  surface  roughness  of  specimens 
used  for  establishing  fatigue  design  curves)  and  the  possible  links  between  the 
different  data  entities  and  with  the  thesaurus .  Figure  1  outlines  the  main 
features  of  the  CETIM-MATERIAUX  Database  structure.  It  can-  be  noted  that  this 
structure  takes  into  account  the  fact  that  a  material  does  not  intrinsically 
possess  the  characteristics  required  by  the  designer.  -  A  material  name  only 
defines  a  potential  for  obtaining  these  characteristics  corresponding  to 
various  structural  states  which  can  be  obtained  through  a  transformation 
(sequence  of  mechanical,  surface,  heat,  ...  -  treatments)-  This  structure  also 
allows  you  to  deal  with  the  inheritance  of  property  values  between  products 
obtained  through  transformations  of  , the  same,  material.  ,, 

The  primary  function  of  a  Database  is  to  allow  the  extraction  of  the  data 
it  contains.  The  structure  of  factual  databases  is  generally  much  more  complex 
than  that  of  bibliographic  databases.  Except  for  a  few  specialists  of  a  bank,  it 
is  not  conceivable  to  content  oneself  with  the  query  language  (SQL  in  the  case 
of  Cetim)  associated  with  our  Database  Management  System  (Oracle) . 
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Fig.  2  Different  ways  of  accessing  data 


-361- 


Cetim-Mat6riaux  is  consulted  via  a  user-friendly  menu  driven  interface. 
Nevertheless,  it  is  to  be  understood  that  an  consultation  programme  is  only 
aimed  at  helping  the  user  in  formulating  his  question  and  presenting  the 
results  of  his  query.  As  shown  in  Figure  2,  the  user  can  only  get  the  data  which 
are  in  the  database.  For  material  selection  purposes,  this  is  generally  not 
sufficient.  The  associated  software  include  some  analytical  knowledge  {e.g.  to 
calculate  the  response  of  a  steel  to  heat  treatment  in  CETIM-SICLOP) .  The  last 
step  would  be  to  develop  a  complete  Intelligent  Knowledge  System  including 
expert  knowledge  with  an  inference  engine  containing  logic  and  analytical 
capabilities  to  solve  material  problems. 

Consultation  of  Cetlm-Mat6rlaux 


1.-  Search  by  name 

Integration  into  the  search 

Thesaurus  key  words 

context 

Characteristic  values 

2 

Familly 

8 

Physical  properties 

3 

Material 

9 

Elastic  moduli 

4 

Form 

10 

Static  Mechanical  propert. 

5 

Role 

12 

Fatigue 

6 

User  industries 

12 

Friction  /  Wear 

7 

Characteristic 

13 

Corrosion 

16 

Suppliers 

14 

15 

Processability 

Specific  to  adhesives 

17  Specific  Selection  Programmes* 

EOTER  YOUR  CHOICE 

Fig.  3.  Extract  of  the  main  menu  of  CETIM-MATERIAUX . 

Two  main  ways  of  consulting  are  available.  The  first  option  of  the  menu 
allows  the  selection  of  product{s)  the  name{s)  of  which^  is  (are)  known  or 
partially  known.  The  other  options  allow  a  multicriteria  selection  by 
specifying  key  words  of  the  thesaurus  and/or  required  characteristic  values. 
For  both  ways  of  interrogation,  the  list  of  selected  products  is  then  displayed 
and  the  user  can  select  one  product  in  order  to  visualize  the  information 
(description,  characteristics,  source  of  reference  ...)  concerning  it. ^We  may 
note  that  to  assess  the  quality  and  reliability  of  the  data,  every  piece  of 
information  is  indexed  to  its  source  document  which  can  be  consulted  during  the 
session. 

Search  context.  After  introducing  a  search  criterion,  either  a  thesaurus 
key  word  (an  assisted  mode  allows  you  to  go  down  the  hierarchy  of  the  different 
thesauruses  and  choose  a  key  word  among  those  displayed.)  or  a  characteristic 
value  (as  seen  in  figure  4,  we  may  also  have  to  specify  certain  metadata)  the 
criterion  is  integrated  into  the  search  context  if  there  exist  products  that 
comply.  This  context  then  can  be  activated  to  search  the  Database  for 
appropriate  materials.  It  can  be  modified  at  any  stage  to  expand  or  reduce  the 
number  of  products  selected. 

*  ;  Option  17  is  intended  for  later  developments  and  will  allow,  for  example, 
access  to  specific  modules  to  help  select  adhesives. 
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Find  products  where  PROOF  STRESS 

Measured  under  the  following  conditions 

Orientation  1-  Longitudinal  2-  Long  Transvers 

3- 

Short  transverse 

4-  Radial  5"  Axial 

6- 

Tangential 

Temperature  :  Either  T  (=  20  deg.  C,  room  temperature  by  default) 

or  T>=  and/or  T<= 

deg.  C 

IS  >=  MPa  and/or  <= 

MPa 

Fig.  4.  Example  of  an  input  screen  (extract). 

Presentation  of  CETIM-SICLOP 


CETIM-SICLOP,  a  software  package  designed  to  provide  help  in  selecting 
steel  grades,  rapidly  determines  the  following  : 

STEEL  GRADES*  which  meet 

the  mechanical  and  structural  REQUIREMENTS 

according  to  the  SHAPE  and  DIMENSIONS  of  the  part  and 

standard  HEAT  TREATMENT  conditions  or  those  specified  by  the  user. 

CETIM-SICLOP  also  forecasts  the  profile  of  the  characteristics  inside  a 
part,  determines  and  optimizes  heat  treatment  conditions  and  dimensions.  It 
comes  with  a  Database  consisting  of  nearly  200  steel  grades  and  its  own 
management  system.  CETIM-SICLOP  also  includes  a  certain  number  of  special 
functions  especially  designed  for  the  heat  treaters  :  determination  of  the 
severity  of  quench,  utilization  of  a  previously  stored  steel  record  (part 
geometry  +  severity  of  quench).  CETIM-SICLOP  is  a  menu-oriented  conversational 
software  package  With  an  on-line  help  system. 

The  operator  can  use  one  of  the  fourteen  simple  shapes  to  describe  its  part  and 
specify  one  of  the  following  characteristics  :  Hardness  (Rockwell  C,  Brinell, 
Vickers),  percentage  of  martensite,  ultimate  tensile  strength,  0.2^  offset  proof 
stress,  elongation  at  rupture,  reduction  in  area,  fatigue  limit  in  rotary 
bending.  Figure  5  gives  output  examples 

♦  ;  Heat  treatable  structural  steels  only. 

Conclusions 

Public  acess  to  Cetim-Mat6riaux  will  be  available  in  1991  via  the  X25  networks 
at  a  speed  of  2400  bauds  with  a  VTIOO  terminal  emulation  -  This  corresponds  to 
the  recommendations  of  the  Code  of  Practise  developped  by  the  "Materials  Data 
Base  Demonstrator  Programme”  task  group.  Cetim-Mat6riaux  was  among  the  eleven 
European  data  banks  selected  by  the  CEC  for  this  programme-  We  may  also  note 
that  Cetim-Mat6riaux  can  be  interrogated  either  in  English  or  French  and  that 
the  associated  software  are  available. 
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Grade 


Treat .  Quenched  TEMPERED 

Q  Tem.  Hardness  Ma  Hardness  UTS  YsO.2  El.  RA  Fat 
•c  HRC  %  HRC  MPa  MPa  %  %  KPa 


32CRM012  0  600 

42CRM04  0  600 

30CRNIM08  0  600 

35CRNIM06  0  600 

34NICRM01  0  600 

6 

50CRV4  0  600 


49.5  97  28.3  926 

45.5  82  28.4  927 

50.0  98  28.4  928 

49.6  96  28.6  932 

49.7  96  28.7  934 

50.5  86  30.6  980 


792  21  66  496 

757  20  63  481 

797  21  66  498 

794  21  66  497 

795  21  65  497 

810  19  62  503 


STEELS 


OUT  OF 


16 


Martensite  percentages  less  than  50  %  are  given  for  information  only  as  well 
as  YsO.2?!,  fatigue  and  particularly  Elongation,  RA  for  Ma  < 

kjetim-Siclop  El. 0789  Cq  Dma/4l8 -  "  ~ 

Profile  ^sc:  Quit 

T  1  PgUp,  Pgdn,  home,  end  ^5^  Print 


Fig.  5.  Screen  displaying  a  search  results  (top)  and  graphic  representation  of 
an  hardness  profile  within  a  shaft  (bottom) .  The  upper  curve  corresponds  to 
as-quenched  hardness  and  the  lower  curve  to  a  quenched  and  tempered  state. 

Bibliography  :  1-  F.  Convert,  F.  Lecroisey  &  A.  Pailleux,  Guide  de  aciers 
outils  pour  travail  S  froid  sur  presse,  Ed.  Cetim  (1978).  2-  TOURNIER  C.  ^d 
PEYRE  J.P.,  Choix  des  traitements  superficiels,  Ed.  RPM-CETIM,  Collection 
Matferiaux  en  m6canique  (I986).  3"  Manuel  des  traitements  de  surface  A  1  usage 
des  bureaux  d'Atudes,  ed.  Cetim-Club  des  traitements  de  surface  (1987). 
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This  is  a  U.S.  Government  publication.  Its  contents  in  no  way  represent  the 
policies,  views,  or  attitudes  of  the  U.S.  Government.  Users  of  this  publication  may 
cite  FBIS  or  JPRS  provided  they  do  so  in  a  manner  clearly  identifying  them  as  the 
secondary  source. 


Foreign  Broadcast  Information  Service  (FBIS)  and  Joint  Publications  Research  Service  (JPRS) 
publications  contain  political,  military,  economic,  environmental,  and  sociological 
and  other  information,  as  well  as  scientific  and  technical  data  and  reports.  All  information  has  been 
obtained  from  foreign  radio  and  television  broadcasts,  news  agency  transmissions,  newspapers  books 
and  periodicals.  Items  generally  are  processed  from  the  first  or  best  available  sources.  It  should  not  be 
inferred  that  they  have  been  disseminated  only  in  the  medium,  in  the  lariguage,  or  to  the  area  indrcated. 
Items  from  foreign  language  sources  are  translated;  those  from  English-language  sources  are  tran¬ 
scribed.  Except  for  excluding  certain  diacritics,  FBIS  renders  personal  and  .P'®®®'narnes  in^ccordance 
with  the  romanization  systems  approved  for  U.S.  Government  publications  by  the  U.  j.  Board  of 
Geographic  Names. 

Fleadlines,  editorial  reports,  and  material  enclosed  in  brackets  []  are  supplied  by  FBIS/JPRS. 
Processing  indicators  such  as  [Text]  or  [Excerpts]  in  the  first  line  of  each 
information  was  processed  from  the  original.  Unfamiliar  names  rendered  phonetically  are  enclosed  in 
parentheses.  Words  or  names  preceded  by  a  question  mark  and  enclosed  in  parenth^es  were  not  dear 
from  the  original  source  but  have  been  supplied  as  appropriate  to  the  context.  Other  unattribi^^ted 
parenthetical  notes  within  the  body  of  an  item  originate  with  the  source.  Times  within  items  are  as  given 
by  the  source.  Passages  in  boldface  or  italics  are  as  published. 
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ington,  D.C.  20402. 
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